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BEHAVIOR OF MATERIALS UNDER CONDITIONS OF

By S. S. hf.4N80N

SUMMARY

A review is gvesented oj azailalh information on theWtwioT
oj bw and ductile ma.$miuh under condti ‘of thermal
stn%wand thermal shock. For brittlemateriah, a wlnplejormula
relating phymkal propmtti to thmna.1-shock retiance h
derived and u9ed to detmnine the retie @nuji.cance oj two
indice8 eurrem!lyin use jor rating material. The importwwe
oj .simw?atingopeTa@ cond~ti in thermal-shock testing is
deducedjrom the jorrnuiiz and h experimenlully i.lhmtrat-d by
showing that BeO could be either injerior or superior to ALOS
in thermal shock, depending on the testing conditions. For
ductile &&, thmnu.1-shock raiw!.ante depauis upon the
complex”interrel+n among 8everal metallurgical oariablea
which 8eri0u81ya$ect 8Wn.gth and ductility. %86 wmiab.?e$
are b%jly di-8cu#8edand iUu8tm#edjrom literature sources.
Zie importance oj simwlzrting operating conditti in te.stijor
rating ductiL muteriali h eqgecia.1.lyto be emphasized because
oj the importance oj testing conddti in metu.!hTw. A num-
ber oj practical mei&a% th$ hum been wed to minimize the

deletwious e$ecti oj LLwmal stress and thermal shock are
outlined.

INTRODUCTION

When n material is subjected to a temperature gradient
or when a composite material consisting of two or more
mrhwitds having difTerentcoefficients of expansion is heated
either uniformly or nonuniformly, the various fibers tend to
expand d.Herent amounts in accord with their individual
temperatures and temperature coefficients of expansion.
To enrtblethe body to remain continuous, rather than aUow-
ing each fiber to espand individually, a system of thermal
strain and associated stresses may be introduced depending
upon the shape of the body and the temperature distribution.
If the material cannot withstand the stresses and strains,
rupture may occur.

Brittle and ductile materiak react in considerably diflerent
manners to thermal stress. Brittle materials. can endure
only a very small amount of strain before rupture; ductile
materials can undergo appreciable stiain without rupture.
Since thermaI stress behavior depends essentially on the
ability of the material to absorb the induced strainsnecesary
to maintain a continuous body upon the application of a
thermal gradient, brittle materials cannot readily withstand

these superimposed
to cause rupture;

THERMAL STRESS ‘

strains
ductile

without inducing enough
materials, on the other

stress
hand,

can usually withstand these additional sti, but may
ultimately fail if subjected to a number of cycles of imposed
temperature.

The problem of thermal stress is of ‘groat importance in
current high-power engines. The present trend toward in-
creasing temperatures has necessitated the use of refractory
materials capable of withstanding much higher tempera-
tures than normal engineering materials. One salient prop-
erty of these materials is lack of ductility. For this reason,
thermal stress is one of the most important design criteria
in the application of these materiak. Thermal stress is
also currently receitig considerable attention in connection
with ductile materials since there is considerable evidence
that failure of many ductile engine components cm be ak
tributed to thermal cycling. The problem of high-speed
flight, with attendant increases of temperature and temper-
ature gradients in aircraft bodies, has further generated
concern over the signiiixmee of thermal stress in ductile
materials.

Thermal stress and thermal shock may be distinguished
by the fact that in thermal shock the thermal stresws are
produced by transient temperature gradients, usually sudden
ones. For example, if a body originally at one uniform tem-
perature is suddenly immersed in a medium of different
temperature, a condition of thermal shock is introduced.
At any instant the strcssea are determined by the terupera-
ture distribution and are no diiferent from what they would
be if this temperature distribution “couldbe obtained in the
steady-state condition. But the temperature gradionb that
can be 4ablished in the transient state tie generally muoh
h~her than those that occur in the steady state, and hence
thermal shock is important relative to ordinary thermal
stress because of the higher stress that can be induced.
Another distinction between thermal stress and thermal
shock is that in thermal shock the rate of applimtion of
stress is very rapid, and many materials are aflected by the
rate at which load is applied. Some materials are em-
brittled by rapid application of stress and’ therefore may not
be able to’withstand a thermal shock stress which if applied
slowly could readily be absorbed.

1SnWW&SNAOATN ZiG3,“BohnvforofMaterialsUnderConditionsofThermnfStress”by S.S.Mamm,1953. BawdonIeoturepmsentaiatSympcufmnonHeatTram.@Unbar
skyofMloh[gan,June !47-2%19S2.
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FIGUREl.—Nonclhnensional stress wrsus nondimensional time for
surfaceof flat plate.

It is also necessary to distinguish between a single cycle
of thermal stress and thermal fatigue. W’hen failure is
caused by the application of several similar thermal stress
cycles, rather than a single cycle, the process is referred to
as thermal fatigue. The processes that take place in a body
in successive cycles of stress application are extremely com-
pl~x; the mechanism leading to cyclic failure is as yet in-
completdy understood. In most of the basic work, there-
fore, attention is directed at the conditions under which
failure will occur in one cycle merely because this case lends
itself to analysis. Tho problem of thermal fatigue is, of
course, a most important one in engineering application.

Tho objectives of this presentation are: First, some of
thg information contained in recent publications on tho
mathematics of thermal shock will be outlined, and a simple
formula will be derived for correlation of thermal shock be-
havior with material properties. Second, the variables in
the simplified relation will be examined and from it methods
for mhimhing thermal stress will be deduced. For brit-
tle materials the single-cycle criterion of failure w-ill be
considered; for ductile materials the discussion will be
directed at available information on the problem of thermal
frbtigue.

THERMAL SHOCK OF BRITTLE MATERIALS AS DEDUCED
FROM STUDY OF FLAT PLATE

General equation for stxess.-b order to make the dis-
cussion specific, the case considered is that of a homogeneous

flat plate initially at uniform temperature and suddenly im-
memed in a medium of lower temperature. This case is
treated because the temperature problem of the flat plate
is well known, and because most of the recent publications
6n the thermal stress problem also consider this case (for
example, refs. 1 and 2). There is, therefore, a considmable
background of information from which to draw results and
with which to make comparison. Furth&norej most of
the one-dimensional problems can be treated in essentially
the same way as the flat plate problem treated heroin, and
therefore any important conclusions that pertain to tho flat
plate are probably also valid zfor other shnpei, providod
that the necessary clmnges are made in the constants. Noto
also that in this case the temperature problem is one-dimen-
sional; that is, in the flat plate, temperature variations will
be considered only in the thickness direction. The ‘problom
is treated in this way because there are relatively few two-
dimensional problems solved in the literature and also be-
cause the qualitative conclusions reached in the flat plate
problem are believed to apply to more complicded cases.

The tit problem in connection with the flat plate is to
determine the temperature distribution at a time tafter tho
surrounding temperature has been changed. Once this
temperature has been determined, the stresses can readily
be determined in accordance with very simple formulas
derived horn the theory of elasticity. A%suming that tlm
properties of the material do not vary with temperature and
that the material is elastic, the following equation crm be
written for the stressat any petit in the thicknessof the plate:

~e_Ta,–T_—
T, “

(1)

Physically, u* can be considered as the ratio of the stress
actually developed to &e stress that would be developed if
thermal expansion were completely constrained. Tho for-
mula for u* is

(7(1-A)

‘*= EaTO
(2)

where
u actual stres9
/L Poi%on’s ratio
E elastic modulus
LY coefficient of expansion
T., average temperature across thickness of plate
T temperature at point where stress is considered
To initial uniform temperature of plate obove ambient

temperature (ambient temperature assumed to bo
zero for simplicity)

. Stress at surface.-li order to obtain the surfaco strew,
it is therefore necessary fit to determine the avemgo tc+m-
perature and the surface temperature. The temporaturo
problem has been thoroughly treated in the literature and Lho
resndt is usually given in the form of an infinite series. In
iigure I are show-nthe results of some computations that havo
been made by substituting the exact series solution for
temperature iuto -the stress equations.
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In tho exact solution there are three important variables.
I?imt is the reduced stress, already Wentioned, and second,

the value 19which is equal to $ (where a is the half thickne~

of tho plate, h is the heat-transfer coefficient, and k is the
conductivity of the material). The heat-transfer coefficient
is ddlned as the amount of hat transferred from a unit
mea of the surface of the plate per unit temperature difler-
once between the surface and the surrounding medium. The
variables a, h, and k always occur as a group as a result of the
manner in which they appear in the differential equation;
therefore, in the generalized treatment of the problem it is
not the individual value of a, h, or k that is of importance
but their value as grouped together to form the term P. The
term P is generally known as Biot’s modulus, but in the
present discussion it will be called the nondimensional heat-
trmsfer parameter. The third important variable is 0,
which will be called nondimensional time. As shown,

e-“—— where k is again the conductivity, tisthe time, a is the
pcaz

half thickness, p is the density of the material, and c is the
specific beat. In this figure the nondimensional stres at the
surfmcehas been plotted as a function of nondimensional time
for various examined values of nondimensional heat transfer.
This plot contains the essentials of the entire solution of
surfaco stress in the flat plate problem; the atttient of
furtlmrrelations of interest is just a matter of replotting.

Maximum stress at surface.-It is of interest to consider
tflmmrmimumsurface stre9sas a function of p. In references
1 md 2 the maximum stress is analytically determined by
suitable approximations of the series solution. For ex-
omple, Bradshaw (ref. 1) considem only small values of P,
for which all but the first two terms of the series may be
omitted. The maximum stress is then obtained by setting
the derivative of stress with time equal to zero. Accurate
results are thus obtained, but they are valid only for small
values of ~. Since figure 1 gives the complete variation of
stress with time, it is not necessary to differentiate; the
maximum value of stressmaybe read directly from the curve
for each value of 9, and the results will be correct over the
complete range of @rather tnan only in certain intarvals. A
plot of u*mazversus /? is shown in iigure 2. From this curve
it is seen that the variation of nondimensional maximum
stress wit+ P is roughly linear for small values of B but
becomes asymptotic to a value of unity at very large values
of p.

In order to obtnin~ simple formula for the curve of figure
2, an approach tit used by Buessem (ref. 3) will be used;
but by somewhat more general assumptions, a more accurate
formula will be obtained. This derivation is obtained mth
the use of ilgure 3. In this &me the center line represents
the center of the plate; the two solid vertical lines represent,
the surfaces of the plate. 0rdinate9 measure temperature.
The temperature distributions through the thickness of the
plate at severrd different times G, tl,G, G after the sudden
application of cold atmosphere are shown by the curves

368MG-GG22

PQ, P’Q’, eto. Them ourvea must fit two boundary condi-
tions: (1) At the cent& they must have a horizontal tangent
because the center of the plate is a line of symmetq, and
no heat is transferred across the cmter line; (2) at the
surface the slope must be in accord with the surface heat-
transfer coefficient, which is equivalent to the condition that
the tangent to the curves at the surface pass through the
fixed point O reprwenting the ambient temperature which ‘
has been taken equal to zero. These temperature distribu-
tions must also satisfy the difhrential equations of heat
transfer, which is achieved by adjusting certain constants so
that the final result will be consistent with the curve of
figure 2, which of course does satisfy the differential equation.

It k assumed that the temperature curve can be fitted by
an equation of the form

()
n

T= T%.–IM : (3)

where
Tz,c temperature at center of plate at time when stress at

surface is a maximum, as yet undetermined
M, n constants to be ‘best determined to fit theoretical

results
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Frcwm 2.—Ardytical solution of nondimensional maximum stress
vgnws nondimensionalhost transfer.
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FIGURE3.—Formulafor maximumtire-esat surfaceof plate (from ref. 3)

& long as n>l, this equation will automatically satisfy
the fit boundary condition of horizontal tangency at z=O.

d
(7

If the surface condition-k ~ =hTs~ is to be satisfied,

the condition of equation (4) mus~be satisfied

From equations (l), (3), and (4),

(4)

.

(5)

nTz C
‘r’ ‘f ‘- TO(n+ 1)’ ‘Uation ‘5) ‘WY ‘eduw h

(6)

Equation (6) suggests that a plot of ~= against ~ should be

a straight line. When valuw of a*_and. @from @ure2

are used, the plot & against 3 in figure 4 is obtained. It
P

& seen that for ‘>0.2 or P<5, a very good stmight line can
P

be fitted to the curve; the equation of this line is given by

*==1.5+ ~for @<6 (7)

In the region 1/P<o.2 (i. e., 6>5), the curve deviates
somewhat horn the straight line, curving downward and
reaching a hmit u*=l.O at l/fl=O instead of a value of 1.5
predicted by the straight line. To make the formula accu-
rate over the entire range, it is desirable to add a term that
will be effective only in the very low range of l/~ and cause
the expression to reach the proper limit at l/f3=0. An
exponential term serves this purpose well over the entire
range of B; therefore, the following equation relates P and U*:

1 3:26_=l.6+T_ 0.6 e-lol~
U*==

(8)

Figure 5 shows the correctness of fit of equation (8) and tho
exact results over the range 0<6<20. For values of # be-
tween O and 5, the exponential term is negligible and tho fit
of the exact results with equation (7’) is essentially tho some
as the fit with equation (8). No refined calculations havo
been carried out for values of @ above 20, but a comparison
of equation (8) with an asymptotic formula given by Cheng
(ref. 2) indicatesthat equation (8) may be in error by as
much as 5 percent at a value of 8=200. Ho]vever, since
most practical problems involve valuea of P below 20, equa-
tion (8) is seen to give results of unusually good accuracy
over the practical range of I% If, however, grenter accuracy
is desired in the range of f?from 5 to 20, the formula

1—=l.o+~
u*ma (8a)

2
8$

0 I 2 3 .5 6 7 8
1%3

I?mmm 4.—Relation between li19and lIu*-,=.
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can l.m used in this range together with equation (7) in the
rarqy 0<13<6. Equation (8) hru%however, the advantage of
ropremnting the entire range of B with a single formula.

In his original paper (ref. 3) Buessem derived a simplified
formulmfor this case in anotlmr mamm. It was assumed
that the stresscould be approximated by taking the tempera-
ture distribution in the plate at the time of maximum strew
M the straight line PQ in figure 3. DetcrmirAg first the
surface stress for this temperature distribution and then
adjusting the resultant formula so that it was consistent with
the correct surface stress values at two values of ~ gave the
following equation:

$== 1+; (9)

Equation (9) is very similar in form to equation (7), but it
does not fit the correct curve of u* against P quite so well as
equation (8) over the entire range of 6. Figure 5 shows the
degree of correlation between analytical results of figure 2
and the simple formulas given in equations (7) and (8). Also
shown is the correlation obtained with the Buessernformula,
which, although very good, is not so close as that with the
formulas presented herein.

Thermal shook parameters.-Use can now be made of the
approximate formukis to correlate the maximum strew
developed in a material with the phpi6al properties of ma-
terials. In most cams, the value of P for reasonable heat-
transfer coefficients, plate thicknesses, and cenductivitics
is relatively low, so that the term 1.5 in equation (7) can be
neglected compared with the value 3.25/8 for practical
purposes. In this case, equation (7) becomes equation (10),
which can be rewritten as equation (11).

or
kum 3.25 (1–J.L)— .

‘0= Ea ah

(lo)

(11)

When failure occurs, u.== ub=breaking stress;hence,

~%~=_ku, .3.25 (1–p)

Ea ah (ha)

This equation states that for a flat plate of thickness a and
heat-transfer cw.fiicient h, the maximum shock temperature
that can be withstood by the plate is proportional to the
product kvb/Ecz. Since Poisson’s ratio P is very simi.k for
all materials, it is placed in the group of terms not involving .
material propertied. This grouping kub/Ea is identhled as
the thermal shock parameter used by Bobrows& (ref. 4)
and by others. Equation (11) gives a numerical measure of
shock temperature that will cause failure and provides the
basis for an index for listing nmterials in order of merit.
Table I shows results of teds conducted in reference 4 show-
ing the order of merit of several materials according to the
thermal shock parameter kuJEa. These tests consisted of
subjecting a round specimen 2 inches in diameter and Z inch
thick to thermal shock cycles until failure occurred. In this
cycle the specimen was first heated to furnace temperature
and then quenched in a stream of cold air directed parallel
to the faces of this specimen. If the specimen survived 25
cycles at one furnace temperature, the furnace temperature
was increased 200° F and the tests were repeated. In this
way the temperature was raised until failure finally occurred.
The table shows that a good correlation was obtained
between the maximum temperature achieved and the thermal
shock parameter ku@fa.

When equation (8) is again considered, it is seen that for
very large values of J9the value 3.25/13can be. neglected
compared with the other terms and u*~U becomes equml
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to unity. It is interesting to examine the meaning of
u*..= 1 and to determine under which conditions u*.ti= 1
is achieved. The condition of U*=== 1 means that

EaTO
‘“=- 1—p

(12)

The product aT, is the qmtraction in the material that
would take place if the temperature were reduced by To
and the material allowed to contract freely. If contraction
is completely prevented by application of stress, then aTo
is the elastic strain that must be induced in the material
to prevent this contraction, and this shin multiplied by the
elastic modulus becomes the stress that must be applied.
The term (1-P) results from the fact that the problem is for
an infinite plate in which equal stresses are applied in two
mutually perpendicular directions. b this caseEaTo/(l —Y)
is the stress that must be.applied in two perpendicular direc-
tions to completely prevent any contraction in the material.
Hence, for very large valuea of ah/k, equation (8) states
that the stressdeveloped is just enough to prevent any ther-
mal espansion. To obtaih an index of merit for rating mate-
rials under the conditions of very Jwge & equation (12) is
rewritten as equation (13), which suggests that this index
is now ab/&; nnd it is seen that the conductivity factor has
vanished compared with the index kcb/Ea.

TO,.==% (1–p) (13)

The implication is that the value of the conductivity of the
material does not matter; the temperature that can be with-
stood is in proportion to u@&. Physically, this res.dt can

. be understood by examining the meaning of very large p,
which condition can occur either if a is very large, if h is
very large, or if k is very small. If a is very large, it means
that the test body is very large and that the surface layers
cm be brought down to the temperature of the surrounding
medium before any temperature change occurs in the bulk
of the body. The surface layers cannot contract because
to do so they would have to deform the remainder of the body,
and this cannot be achieved for a very large body. Hence,
in this case, complete constraint of contraction is imposed,
and the stress developed is EaTJ(l—Y) irrespective of the
actual value of conductivity. Similarly, for large heat-
transfer coefficients h, the same result can be expected.
The surface is brought down to the temperature of the snr-
rmmding medium before the remainder of the body has had
the time to respond to the imposed temperature difference.
Hence, again complete constraint of contraction is imposed,
and the stress developed is independent of conductivity.
Finallyj if the conductivity is very small, again only the
surface layers can realize the imposed thermal shock condi-
tions, the remainder of the body remaining essentially at
the initial temperature. Again, complete constraint against
thermal contraction is imposed and the stress is independent
of the precise value of k, provided it is very small.

Order of merit
(e~rimentol)

~:met

Beo
Zircon
MgO
94 percrnt Zr02 +

6 percent COU

I

.

4

FIGURE6.—Index of merit for differentshook conditions.

That there are two thermal shock parameters at tho two
extremes of the /3scale, kab/Z2i and uJEa, has recently bem
emphasized by Bradshaw (ref. 6). That both thermal
shock parametem are necessary to determine completely
the thermal shock resistance of a material has been emphw
sized by Buessem. The merit of equation (8) is that it
provides a simple formula for determining the relative roles
of the two parameters over the complete range of ~.

Signiikanoe of test aond.itions,-The previous result,
namely, that the index of merit is proportional to ku@a
fur low valuea of ~ and proportional to u*/& for high values
of P, suggests the importance of the test conditions used to
evaluate matarials. In figure 6 there is plotted the temper-
ature that could be withstood in the test specimens described
in reference 4, and shown in table I, for different values of
ah, that is,if,specimen thiclmessea or heat-transfer coeffi-
cients had differed from the values actually used. These
curves were obtained from equation (8) in conjunction with
the material properties given in table I. It is seen that at
the low values of ah, the test condition actually used being
represented at a value of ah= approximately 10, the ordor
of merit of the materkls, that is, the temperatures which
could be withstood without failure, is in agreement with
the experimental observations. For higher values of ah
the index of merit can be reversed. For example, at an ah
of 80, zircon becomes better than beryllium oxide, and for
even higher vfdues of ah beryllium oxide, which was quite
good at the low values of ah, becomes the poorest of all the
materials. This revemal is due to the fact that beryllium
oxide has outstandingly good thermal conductivity, and
that at the low values of ah, the index of merit takes advan-
tage of this good conductivity. At the higher values of ah,
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FIGURE7.—Thermal shock tests of -BeO and AljOa.

the effect of the good conductivity gradually diminishes
until at very high values the high thermal conductivity has
no beneficial effect at all.

The importance of the possibility of reversal of merit
index should be emphasized because it strongly suggests
that the test conditions should simulate as closely aa pos-
sible the intended use of the material. If, in order to obtain
more rapid failure and thereby to expedite the testing prc-
cedure, more drastic conditions are imposed than the true
application warrants, the order of merit of materials can be
reversed, and the results rendered meaningless. The results
of simple tests recently conducted at the Lewis laboratory
will serve os experimental verification. The tests were
conducted on specimens of beryllium oxide BeO and alumi-
num o.ude Alg08 under two conditions of quench severity.
All specimens were disks 2 inches in diameter and % inch
thick and were quenched on their outer periphery while the
sides were insulated. Air and water sprays were used as
the quenching media. Figure 7 shows the analytical. and
mperimental results. The curves show the variation of
thermal shock resistance with quench severity for the two
materials. These curves were obtained from equation (8)
in conjunction with material properties listed by Bradshaw
(ref. 6). For BeO these properties were appreciably differ-
ent from those given in reference 4; hence, the curves for
BeO in figures 6 and 7 are dif7erent. However, Bradshaw
presents data for both BeO and AIZOs,and these data seem
better to illustrate the experimental results. It is seen from
figure 7 that for low values of ah, BeO is superior to Al,O,,
but that for severe quenches BeO becomes distinctly inferior.
This behavior is due, as previously mentioned, to the high
conductivity of BeO, which is of value in improving thermal
shock resistance primarily for mild quenches. At the severe
quenches AL03 assumea superiority owing primarily to its
better relative breaking strength. The experimental results
me shown in the insert in the upper right section of iigure 7.
In the air quench the superiori@ of BeO is evidenced by
the fact that it withstood my temperature less than 1425°
F, while the A1,O, failed at 1000° F. In the water quench
BeO became inferior to AIZOS,failing when quemhd from

800° l?, while AIZOSwithstood quenching until the tempera-
ture was 950° F. Because the actual air and water temper-
atures just before impingement on the specimens were not
known, the true quench temperatures are not determinable,
but qualitatively these tests certainly indicate the impor-
tance of quenching conditions on the determination of the
relative merit of materialsin their resistance to thermal shock.

Another interesting aspect of these teats is that the cross-
over point P between the two curves occurs very near the
flat part of the A120Scurve, at which point the BeO curve is
still fairly steep. In these tests, the quenching ccnditiohs
must have been in the region of the crossover point, because
actual revemal of index of merit was observed. This may
explain why the failure temperature did not change much in
the two typea of quench for the Al,OS,but appreciable change
was observed for the BeO. Again, however, this conclusion
must be considered very qualitative because the temperatures
of the air and the water were not Jmown.

Stress at center of plate.—Thus far only the m~ximum
stress developed at the surface of the brittle plate has beeu
discussed, and also it has been tacitly assumed that the du-
ration of the thermal shock was su.ilicientto allow the maxi-
mum stress to be developed. For quenching from a high
temperature, the surface stress is tensile, and in general,

failure occurs at the surface. In the case of rapid heating,
~ather than rapid cooling, the surface stress is compressive,
and surface failure may occur as a result of spalling, or as a
result of the shear stress induced by the compression. Fail-
ure may, however, occur tit not at the surface but at the
center. of the plate, where the largest te&ile stress is de-
veloped. An important case is that in which the duration
of the shock is not sufficient to allow the stress at the center
to reach a maximum. Under this condition, the relative
index of merit of materials of different conductivity depends
on a criterion diiferent from those already discuwed; this
criterion will now be explained.

A series of materials will be considered having .&ilar
geometry and identical physical properties except for thermal
conductivity. It is desired to determine ‘the center stress
developed in a given time for each of these materials. The
conventional plot of U* against t?for given value9 of & as
used in figure 1, does not serve the present purpose because
both @and P ari functions of conductive@-; hence, an exami-
nation of this type of plot does not readily reveal the sig-
nificance of conductivity. The type of plot that beat demon-
strates the point is shown in figure 8. Here the dimension-
less stress of u* at the center of the plate is plotted against
the product /30. This product is also nondimensional, but
since 0 varies directly with conductivity and f?inversely with
conductivity, the product is independent of conductivity
and, for given h, P, a, and c, assumed to be the same for all
materials; the horizontal scale depends on time only. The
different conductivitiea do, however, correspond to diilerent
values of ~ (=a.h/k), and for the sake of demonstration three
ccnductivities are shown having relative valuea 1, 2, and 10,

or relative P valuea of 10, 5, and 1, respectively. It is to be
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noted that the peak value of stress is lower the higher the
conductivity, but that in the range of very low time, the
curve for the material with the high conductivi~ lies above
curves for materials with lower conductivities. Hence, if
the surrounding high-temperature medium is allowed to act
on the surface for only a short time, the tensile stress at the
center will reach a higher stress the higher the Conductive@.

The exact relative merit of the materials with diiTerent
ccmductivities depends on the exact heating time. Thus, in
figure S time ranges can be determined for which each ma-
terial is superior to the othem, and likewise time ranges can
be found wherein each material is inferior to the others.
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It thus appears that, at least under certain conditions, good
conductivi~ can be .a detriment rather than an asset. A
simple physical explanation for this phenomenon can readily
be given: In the poor conductors only the fibers very near
the surface are aflected by the applied heating for the fit
very short interval of shock application. High stiesses are
thus induced in the surface, but these stresses are compres-
sive and may not cause failure. The induced tensile stress
at the center is low because the high compression of only a
few fibers must be counteracted by the main bulk of the
plate. For the better conductors the effect of the surface

.

heating is felt much more rapidly throughout the plate.
The compressive stressat the surface maybe lower at a given
time, but more fibers are under compressive strex, and hence
the induced tensile stress at the center is higher. The exact
relative merit of materials tvith di.ileront conductivities de-
pends upon the exact heating time, and no simple general
formula has been found. Also it must be recognized that
in the limit the trend must be reversed. Obviously CLmoterird
with infinite conductivity must be the most desirable because
in such a material no temperature gradients could be estab-
lished, and no thermal s$ressesdeveloped.

Bradshaw (ref. 1) discusses the condition in which poor
conductors may have merit in comection with short-burning
rockets. The application in this case is to a hollow cylinder,
but the concepts involved are the same. Bradshmv, how-
ever, cites a very important point, namely, that in the poor
conductors the surface temperatures may approach the melt-
ing point of the material even though the tasile stress at
the center is lower than for the better conductors. The selec-
tion of an optimum material involvw many considerations
which must be studied in analytical detail before a final
decision can be reached.

Temperatures at time of maximum stress.-one fkud
ccmideration of interest to be discussed is the temperature
distribution at the time of maximum stress. Consideration
is again directed to the surface, and in figure 9 are shown the
ratios of surface temperature to initial temperature and of
average temperature to initial temperature m function9 of B.
Especially in the region of 19from Oto 1.0, which embraces a
great many practical applications, the ratios are quite high.
The mtinm stress thus occum when the temperature at
the surface and the average temperature have not been re-
duced appreciably. l?rom an amdyticnl standpoint this
result is of great importance because the physical proper~ies
of the materials considered often vary drastically with tem-
perature. In particular, conductivity may undergo a mrmy-
fold change from room temperature to temperature of the
order of 2000° F. Deciding what conductivity to use in
computations is therefore diflicult. In the calculation of
temperatures and stresses,it might be tempting, for purposoa
of simpliikation, to use the conductivity at a mean tempera-
ture between the initial value and that of the quenching
medium. In view of the fact that the surface and mean
temperatnrcs are still quite high when the mmcinmrnstress
is reached, however, this application would give incorrect
results. The mean value to be used is that between the
initial temperature and the temperature at the time of max-
imum strew. For example, if ~ is 0.4, the conductivity as-
sumed should be the value at approximately 90 percent of
the value at the higher temperature.

APPLICATION TO DUCTILE MATERIALS

The previous discussion was limited to brittle materials.
In brittle materials the fact that stress is proportional to
strain malw an analytical treatment possible; and the fact
that failure can be achieved in one stress cycle makes it pos-
sible ta obtain valid &perimental results for correlation with
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theory. When ductile materials are considered, the problem
becomes much more complex. First, stress is no longer pro-
portional to strain and therefore the stress equations cannot
redly be solved. Only a few problems involving plastic
flow of ductile materials under thermal stress have been
solved in the literature. Second, it is rarely possible to ob-
tain failure in one cycle. The failure process is a progressive
one and material deterioration occurs during and in between
npplicntions of thermal shock. The metallurgy of the m@e-
rial becomes a predominating factor. Thus, with ductile
materials the data are usually presented in the form of num-
ber of shock cycles withstood under a given set of conditions.
As previously mentioned, thermal fatigue is very complex in
brittle materials; it is even more complex in ductile materials
m a result of metallurgical changes associated with plastig
flow. In discussions of the thermal shock of ductile mate-
rials, reference can therefore be made only to the factors
that me believed to be important. Even a determination of
the pertinent variablea should reprwent progress, however,
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bar due to heating

since there are at present no critical tests in the literature
that clearly define the role of these variables.

THBRMUCYCLING MODEL

One of the mechanisms associated with the ultimata
failure of ductile materials in thermal cycling is plastic flow.
The role of the plastic flow process can be outlined by con-
sidering a very idealized problem. The practical cases
diiler appreciably from the idealized problem, and later, the
deviations of this model from the practical cases will be
discussed.

in figure 10 is shown a bar tied at ib ends between two
immovable platea so that the length of the bar must remain
constant. This bar is assumed to be gradually cooled and
heatid between various temperature limits. Also shown in
figure 10 is a hypothetical strewstrarn curve for the material.
It is assumed that the matefiid is ideally plastic; that is,
,its stress-strain curve consists of a shaight line up to the
yield ,stress and further yielding occurs at a constant stress.
Thus, in figure 10, stress is proportional to strain along the
line OA md further strain takes placa at stress U.4untd
rupture occurs when the strain is P. lkt it be assumed that
at the start of the process the bar is unstressed in the hot
condition, and it is subsequently gradually cooled. The bar
is taken as strewfiee m the heated condition in order to
induce temz$le stress during the first stage of the process.
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If it were not constrained at its ends the bar would contract
freely, and there would be no stress. Because of the con-
straint there must always be induced in the bar a strain
aZ’o equal to the thermal expansion, and the stress will depend
on this strain and on the stress-strain curve. Aa long ga
al’. is less than the strain A the stress is elastic, and analysis
would proceed just as if the material were brittle. If the
cycling temperature range is widened so that the thermal
strain ie equal to the stiain at A, stiJlno plastic flow would
occur; and when the temperature is subsequently increased
to its initial value, the stress would fall off to zero.

If, however, the cycling temperature range is increased to
induce a thermal strain equal to that at B, the stress de-
veloped will be the yield stress, and plastic flow of an amount
AB @l be introduced during the &-at cycle of temperature
reduction. When the temperature is again raised to its
initial value the stresswill fall along a line BC’C. Some time
during the temperature increase the condition of the bar
will be represented by C’, where there is no stress but the
strain is still not zero. When the initial temperature is
finally reached the condition of the bar will be represented
by point C—that is, zero strain and compressive stress OC,
resulting from the fact that the free length of the bar had
been increased by plastic flow by an amount AB. Subse-
quent cycling over this temperature range would cause
the material to cycle between the points C and B and an
indefinitenumber of cycles could be obtained without further
plastic flow.

If the temperature differen~ of cycling produces a thermal
strain twice the elastic strain, that is, the strain at D is
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FIGUREIl.—Retained ductility of 243-T alloy. Cyclic strain, +0.12
(from ref. 6).

twice the strain at A, then cycling will occur between D and
E, that is, between yield stress in tension and the yield stress
in compression. @’or simplicity, the yield stressin compres-
sion is here assumed to be equal to the yield stressin tension.)
After the first cycle an indefinite number of cycles could be
applied without further plastic flow.

Finally, consider an applied temperature difference such
that the thermal strain is greater than twice the elastic
st@n, for example, point F. As the cooling cycle is applied
the stress is first increased along the line OA and elastic
strain occurs; then plastic flow occurs by rm amount AF.
As the specimen is subsequently heated it unloads elastically
along the line FG. At G it still has not achieved ita initia
length because the strain is EG; and therefore as the tempora-
@re is brought back to the initial value, plaatic flow at
compression occurs by an amount EG. During the second
cycle the stress fit changes from the compressive yield
stress at E to the tensile yield stress at D and then further
tensile plastic flow DF occurs. On the second unloading
cycle the material proceeds elastically from F to G rmd
flows again in compression from G to E. Every cycle there-
fore induces in this bar plastic flow in tension of on amount
DF and subsequently an equal amount of compressive
plastic flow. This alternate compressive and plastic flow
ultimately leads to failure of the material.

The question is the number of cycles of this kind that this
material will withstand. A fit estimate might be that the
total amount of plastic flow in the material be equal to tho
initial amount of plastic flow that it could withstand in n
conventional tensile test, that is, when the sum of DF and
GE multiplied by the number of cycles is appro.xinmtely
equal to DP. This, however, would not be in agreement
with the experimental behavior of materials. It has been
found experimentally that the compressive plastic flow GE
essentially improves the material so that even the sum of
just the tensile components of pla.9tic flow is greater than
the ductility initially available in the conventional tensile
twt. That is, the summation of the DF valuea is greater
than the strain DP. There is little quantitative information
in the literature even on the simple problem of the amount
of ahernate plastic flow a material can withstand. A
mmple assumption can, however, be arrived at by a con-
sideration of the data in a report by Sachs and coworkms
(ref. 6). In this investigation 24S-T aluminum alloy was
alternately stretched and compressed by the constant strain
values and observation was made of the number of cycles
that could be withstood before failure occurred.

Figure 11 shows typical results obtained in this investiga-
tion. The ductility remaining in the material after successive
applications of cycles of 12-percent tension and compression
is shown on the vertical axis; the number of cycle applica-
tions, on the horizontal axis. The remaining ductility, ~ftor
application of various numbers of cycles of alternating strain,
was measured by subjecting a precycled specimen to a
conventional tensile test in which ductility was measured.
It is seen that the alloy had an initial ductility of 37 percent.

.
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After n 12-percent strain in tension and a 12-percent strain
in compression were applied, the remaining duotili~ was
reduced to 30 percent, a reduction less than tit which would
have been induced by just the 12-percent tension had not the
compression followed. Similarly, it will be seen, each
successive cycle reduced the remaining ductility by an
amount leas than 12 percent, and when the remaining
ductility was less than 12 percent the specimen failed upon
the succeeding application of the strain cycle.

A plot of the data contained in reference 6 leads to the
relation

N=K/e” (14)

where
K proportionality constant
N number of cycles of plaatic strain + e
n exponent in the neighborhood of 3
E plastic strain

The number of cycles is thus inversely proportional to
approximately the cube of the strain per cycle.

A table can be prepared for the relative number of cycles
that a material might be expected to withstand in the thermal
fatigue type of test previously described. A material having
the following properties w-ill be considered (see fig. 10):
a = 10-J per “1?, E’=30X 10e pounds per square inch, and
UV=100,000 pounds per square inch. The elaatii strain
that this material can withstand is 0.0033 inch per inch. As
previously described, no cyclic plastic flow will occur until
the imposed thermal strain is twice this elastic strain or,
from the previously given values, until aT= 0.007,or until
the temperature is of the order of 700° F. It is now aasumed
that the imposed cycling is between O and 1000° 1?, O and
1200° F, Oand 1400° 1?, O and 1600° F, and Oand 1800° F;
and the number of cycles will be determined in each case.
These computations are as follows:

N,m=K (1OOOX1O-’–O.OO7)-3

NIW=K (1200X 10-5–0.007)-3

iV,m=K (14OOX10-5–0.007)-3
N,6M=IK (16OOX1O-5–O.OO7)-3

iV,w=K (1800X 10-6–0.007)-3

Since these equations involve a constant K which is not
known, only the relative number of cycles for each temper-
ature can be determined. The results are shown in table II
If the number of cycles from O to 1000 is taken as a base
line, the number of cycles for the O to 12000 F temperature
range is reduced by a factor of 4.7; the temperature range
from O to 1400° F results in a reduction factor of 12.6; from
Oto 1600° F, the reduction is by a factor of 27; and horn Oto
1800° F, the reduction is by a factor of 49.

Similarly, if the number of cycles at any othor temperature
range is used as a reference, the reduction in number of cychw
for a higher temperature range is also shown in the table.
The importance of this table is qualitatively ,to point to the
drastic reduction in number of cycles to failure resulting
from increasing the temperature range of cycling. Reference
will later be made to some experimental results in the litera-

ture showing the importance of the effects of cyclic temper-
ature range on the number of cycles.

IDEALIzATIONS IN TEERMAL CYCLING MODEL

The foregoing analysisvm.sidealized in many ways. First,
the case treated was that of complete constraint; that is, no
external expansion or contraction along the length of the
rod was permitted. The entire @ermal expansion was
replaced by either elastic or plastic straih. Thus the prob-
lem represents a more severe case than most practical prob-
lems in which only partial constraint is imposed. (There
are, on the other hand, cases in which the imposed strain is
amplified as a result of geometric contlguration, thereby im-
posirg more severe conditions than complete constraint for a
given temp&ature difference. Such a case will be discussed
in a later section under “Size Effect.”) Furthermore,.strain
hardening has been neglected, as was the fact that the stress-
stiain curve is very much a fwiction of temperature, so that
plastic flow occurs at different stresslevels depending on the
temperature. Also the yield stress in compression is usually
diflerent Irom the yield point in tension, and superimposed
upon this is the fact that most materials exhibit a Baus-
chinger effect-that-is, plastic flow in one direction reduces
the stressat which plastic flowoccum in the opposite direction.

Added to these deviations is the fact that the mechanism
of thermal shock failure maybe diiferent from that implicitly
assumed in the foregoing model Fatigue is generally
thought of as a process of first initiating and then propagating
a crack until ultimate rupture occurs. In the case of thermal
str- CYCWW,the crack may not have to be initiated by the
plastic flow; rather it may either be inherent in the part or it
may result from metallurgical processes later to be discu~ed.
Thus the role of plastic flow maybe limited in this case to the
propagation of the crack; or it may not even be necessary if
the crack propagates by another mechanism. Probably the
most important deviation of the practkal case tim the
idealized case is that due to metallurgical effects which will
now be discussed.

METALLURGICAL EFFECTS

During the tharmal stress cycle, and between thermal
stresscycleE,the material is subjected to a complicated stress
and temperature history that may cause metallurgical
changes in the microstructure. lNIentionwill be made of
only severed of the metallurgical processes that can occur.
The whole subject of high-temperature metallurgy is really
pertinent to this problem.

Aging,-Probably the most important action that takes
place during and in between thermal stress tests is that of
aging. Most high-temperature alloys in their use coriditions
are not in metallurgical equilibrium. In fact, it is because of
their meta-stable condition that many alloys gain good high-
temperature properties. If the material is maintained at
high temperature, the tendency is toward rearrangement of
the microstructure in the general direction of equilibrium.
Thus, constituents that me in solid solution frequently tend
to precipitate, and in so doing, they may drastically change
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the properties of the material. For example, they may
precipitate in the grain boundaries and in this case they can
reduce the ductility of the material, particularly in creep
loading. This precipitation may occur with or without the
application of stressesbut generally stresstmds to hssten the
action. Finally, if the material becomes sufficiently em-
brittled, it may not be able to withstand even the small
amount of plastic deformation required in a single thermal
shook test. No careful investigations have, how-ever, been
made directly toward ascertaining the significance of precip~
itation in the thermal shock test. Its possible signi.fkmce
can be deduced by consideration of studies that have been
made on the importance of precipitation in other types of
mechanical te9ts.

Figure 12 shows some pertinent results originally published
in the Russian literature and recently summarized by Sachs
and Brown (ref. 7). Plotted are the impact strengths of
three steels after they had been heated for certain periods
of time at 932° F while in both the stressed and unstressed
conditions. The impact stiength has been found to be sensi-
tive to precipitation embrittlement in cases when other types
of tests miss detecting these effects completely. Note that
heating alone of the Cr-Ni steel for about 100 houra reduced
its impact strength tremendously. The presence of stress
during heating caused this steel to tibrittie even further.
The Cr-Mo steel, on the other hand, showed little embritding
effect due to heating alone, with some embrittling resulting
horn the presence of stwm. The stresswas too low, however,

for any conclusive statements about the significance of
str~. The Ch-Ni-Mo showed an intermediate effect be-
tween the Cr-Ni and the Cr-Mo steel. Nickel is known to
be associated with temper brittleness, a phenomenon bolievecl,
but not proven, to be associated with grain boundary pre-
cipitation; hence, it is seen that precipitation may render an
originally ductile material quite brittle. Of course, it would
then become more susceptible to failure in thermal stress.

The main lessons to be learned from figure 12 are the
importance of aging even without stress in reducing impact
strength, and the importance of ohemical composition on
this effect. The aging need not take place during the thermal
stress-it may occur during normal operation betmen
thermal Stie5S C@29. In laboratory thermal stress tests,
it may occur during the heating periods or during high-
temperature soaking-the important factor is time at tem-
perature to allow the metallurgical reaction to take plaoe,
When the material is embrittled by all prior effects, thermal
stress application will fially cause rupture. Since tempera-
ture is the most important variable ailecting the aging proc-
ess, any excessive temperature introduced in order to
accelerate testing may produce foreign results.

As for the importmce of chemical composition, the indi-
cation is that initial properties do not necessarily govern
thermal stress behavior. Thus the Cr-Ni steel had bettor
impact properties before aging than the Cr-Ni-Mo steel, but
aging had more drsstic efFecton the former steel. It is not
surprising, therefore, that some materials seem to perform
better in thermal stress tests when their conventional prop-
erties do not indicate any reason for the superiority.

Corrosion.-Another process that may reduce thermal
stress resistmme is chemical attack, known otherwise as
oorrcsion, oxidation, and so forth. The surface of thematerial
is usually in contact with oxygen or other gaa capable of
chemical reaction with the material. At the high tempera-
tures involved in thermal stress testing, oxidation or other
scales may form which are weak and brittle. Thermal shock
testing then becomes a teat, not of the original material,
but of the resulting surface layer. Discontinuitiea formed
at the surface layer either by cracking of the surface or by
the disintegration of a corroded product act as a source of
stress concentration that induces and propagate further
cracks within the body of the material. In some cases tho
corrosion CCnsistanot of the formation of a surface laym,
but of a d.ithAon into the body of the material. Hydrogen,
for example, beoause of its small atomic dimension, readily
difl%sesinto the grain boundaries of many materials, wcsak-
ening them and rendering them less oapable of withstanding
thermal shock. The importmce of intergranulrw attack is
indicated by the fact that so many thermal shock failures
are intergranuhmin nature.

Hot and cold work.—Thermal stress tests also embody
hot and cold working of the maiwird beoause of alternate
thermal straining. This working is known to have impor-
tant eflects on the strength of the material and its subsequent
properties Figure 13 shows, for example, some results
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obtained by W. Seigfried of Sulzer Bros., Ltd., Wmterthur,
Switzerland. In them tests the time to failure at 650° F was
observed for a series of specimens at various applied stress
levels. For smooth specimens the variation of life with
stress is shown by liie A. For specimens with a notch the
variation of stress with temperature is shown by line B.
Smooth specimens were then prestrained at room tempera-
ture by applying either 10 or 20 percmt torsional strain.
These specimens were then tested with or without notches,
with results as indicated in the figure. For the smooth bar
little reduction in life w-as observed, but for the notched
specimens a tenfold reduction in life due to the torsion was
observed, as show-nby curve C.

The foregoing results are not directly applicable to analy-
sis of the thermal stress process. They are presented
merely ta indicate that prior work can have an appreciable
effect on subsequent timedependent stiength. In this case
the effect is detrimental, although in many cases prior work
improves the material. ‘l’he significance of the notch in this
case is that in thermal stress notches may bring out the
importance of the prior strain history. Again, these notches
may be design-incorporated, they may be due to corrosion
or intergranular attack, or they may be the result of the
early cracks formed in thermal stress testing.

Grain growth,-One of the effects of working is to render
the material subject to recrystallization. When grains are
broken up, energy is stored in the slip planes and in the grain
boundaries, and upon subsequent heating there is a tendency
for the material to recrystallize in order to achieve a state of
lower stored energy. In many cawx the eflect is to cause
grain growth. Figure 14 shows some data obtained by Rush,
J?reeman,and White (ref. 8) on the grain growth in the high-
tempemture alloy S-816 resulting from cold working. Th~
plot shows the grain size resulting upon solution treatment
at 2200° F as a function of the percent reduction per paw
during the working process. It is seen that if the percent
reduction per pass is approximately 0.75, which is a reason-
able amount of plastic flow associated with a thermal shock
cycle, the final grain size becomes A.S.T.M. minus 2 as
compared with the original grain size, A.S.T.M. 5. Grain
size A.S.T,M. minus 2 is such a large grain size that an
average turbine blade might contain only several such grains
per cross section as compared with approximately one
thousand gra”m per cross section for grain size A.S.T.M. 5.
Mataials with high grain sizegenerally have 10TVductili@ and
would not be expected to have high thermal shock reaistmm.

In general, a number of thermal stresstests described in the
literature indicated that there was no effect on the grain
size. However, observations have been limited, and atten-
tion is directed to this factor as only one of the many com-
plicated metallurgical procesms that can-occur.

Of greater importance, perhaps, is that accelerated teats
at excessively high temperatures may cause grain growth to
occur while operating conditions may not. Hence, an
accelerated test might give misleading results.

Residual stress.-lmother process that occurs in connec-
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tion with thermal stressis the development and the rekmation
of residual stress. As indicated in the previous simplified
description of thermal cycling, the strew in a thermal shock
test might be expected to oscillate between the yield point
in tension and the yield point in compression. However,
during and between the thermal shock tests, the temperature
constantly changes and residual stress introduced under one
set of ccmditions may be caused to relax under temperature
relief at another temperature. An example will later be
given of relaxation of initial residual strew in connection
with conventional fatigue tests at elevated temperatures.

The foregoing discussion represents only tbe more obvious
of the complicated mechwisms that can occur in a bigh-
temperature material during thermal stress testing. Jf the
metallurgical factor is accepted as being probably the most
important in connection with thermal shock behavior of
ductile materials, the significant conclusion to be reached
relates to the importance of conducting tests to simulate
actual operation. Metallurgical changes are very sensitive
to time and temperature. H, then, an attempt is made to
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render the test more severe in order to expedite failure,
misleading results can be obtained becauae of the artificial
metallurgical effects induced by the artificial test conditions.

EXPERIMENTAL INVESTIGATIONS OF DUCTILE MATERIALS

In most published literature on thermal shock of ductile
materials, competitive materials are evaluated under a
given set of conditions. From an engineering viewpoint,
thw is, of course, the most important type of test. From a
fundamental viewpoint, however, the tests reveal very little
information other than which material is better under the
specified conditions. @me of the investigations do, however,
lead to significant generaliiations, and an attempt will be
made to outline these results. Some of these tests vvill
presently be discussed; others will be deferred until a later
section on practical aspects of the problem.

.NOZ!ZJ.EVANES

Thermal shock tests that have been conducted in connec-
tion with gas-turbine nozzle vanes will first be discussed.
The function of the nozzles is to direct hot gas at the proper
angle against the rotating blades, which normally operate at
temperatwea in the neighborhood of 1600° or 1700° l?. If
for any reason combustion blow-out occurs, the gas is no
longer heated and arrives at the nozzle diaphragm very much
wider. The nozzle vanes are thus subject to thermal shock.
Likewise, a certain amount of thermal shock occurs every
time the engine is started because of we sudden application
of hot gas to the nozzle vane surfaces.

One of the earliest investigations on nozzle vanes was
published in 1938 in the German literature and was recently
described in a survey by Bentele and hnvthian (ref. 9).
Table ~ presents a summary of the results. The test
consisted of a l-minute heating cyile in a flame of gas and
high-pressure air followed by a 3-minute cooling cycle in
ambient air. These conditions do not simulate those asso-
ciated with current aircraft jet engines, but they were satis-
factory for the German application. Tests ware conducted
at two heating temperatures: one at approximately 650° to
700° C, and the other at approximately 850° to 900° C.
The number of cycles under mch of these two conditions is
given by NI and N*. Under AJl distinction is made between
failure due to distortion and failure due to cracking. These
tests pointed out two important things: first, that excessive
distortion is as important a type of failure as cracking, and
second, that great decrease in the number of cycles resulted
for an increase in test temperature of 200° C. & can be
seen, there is, on the average, a reduction factor of more
than 10 resulting horn the temperature increase. This
result is qualitatively in agreement with the previously
prwented simplified picture on the importance of temperature
and attendant plastic strain on the number of cycles to
failure. The high reduction factor may, in addition, be

.due to metallurgical effects introduced by the higher test
temperature. Also of interest is the fact that the relative

-merit of the various materials changed with the test tempera-
ture. For example, specimen number 1 was nearly tbe

,

best at the higher test temperature, whereas it was poorest
at the lower test temperature; on the ot,herhand, specimcm
number 2, which was nearly the beat At the low temperatumj
was one of the poorest at the high temperature. Further
analysis of the data indicated that there was no relation
between thermal shock resistance and ultimate tensile
strength at room temperature, or the creep properties at
1300° F. Two materials, with tensile stresses ditlering by
23 percent, had the same thermal shock resistance; while
two materials having practically identical creep clmrac-
teristica had, respectively, the largest and the smallest
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I?XGURE15.—Apparatue for quenching thermal-shook spedrnens (from
ref. lo).

number of cycles to failure. These results point to the
complexity of the factors influencing failure by thermal
shock and indicate the probuble importance of the specific
metallurgy of the individual materials.

Another study of the thermal shock of nozzle blade ma-
terialswas publish{d recently in reference 10. The objective
therein was to evaluate six cast high-temperature alloys for
nozzle diaphragm application, and very extensive measure-
ments were made in an attempt to analyze and interpret the
data. Figure 15 shows the apparatus used in reference 10.
The specimens were cast into somewh~t triangular shapq as
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quenched thin edge were computed by mmuning this edge
to be the chord of a circle. Figure 18 shows the observed
curvature in the specimens during cycling, and the awmmp-
tion of circular shape was mperimentally verified by use of
an optical comparator. It vm.sfound that this strain was in
all cases less than the ductility measured in the room-tem-
perature tensile test. This result is to be espected for two
reasons: First, the macrosmpic strain is not a true mea-sure
of the total elongation of the material. As previously de-

Eoe~ I scribed in connection with the simplifiedmodel of tbe thermal
u
‘%
c1

.04

.02

0 2U 40 60 S0 m 120 140 IW

FIGURE 1(3.-Deformation

Thermol-skk cycle

(a) S-816.

(b) S-590.
produced in epecimene by thermal shock
(from ref. 10).

shown in the figure, the thin edge being %2inch wide. They
were first heated to a temperature of 17500 1?and just tbe
edge of the specimen was quenched in a flowing water bath
maintained at a temperature of 40° F. The distortion of the
specimen was measured both before and after cracking.
I’igure 1(3shows a typical result obtained and indicates the
fair consistency of the data; @me 17 shows a summary of all
the results of the test. The distortion was measured as the
height of bowing of the specimen. Considerable progressive
deformation occurred after the initiation of the tit crack.
Also, the materials which were capable of greater distortion
in the test lasted the largest number of cyoles before break-
ing.

In order to analyze the reauh, the strains at fracture of the

d,-
$..-
g
%n

Fmmm 17.—Composite curves for progr~ive deformation of ebx
alloys (ref. 10).

.

stress failure mechanism, the plastic strain in the body is
alternately tension and compression. In the ease hypoth-
esized in the model, no macroscopic strain would ever be
measured since the ends were tied for the very reason of pre-
venting external dimension changes. Failure after thermal
shock cycling occurs with low indicated ductlity for the
same reason that fatigue failures show little ductility-what
plastic flow has occurred has been localized ~d alternating
in sign, so that there is little external manifestation of duc-
tility. A second reason that failure might have occurred
with less indicated ductility than is obtained in the tensile

I
—

1

1

—.,..—— .--. -—. —---------- _._l_CS-6149. .

Fmti 18.—Speoimens before and after repeated thermal-shock
oyolea. A’ote cumature produced by thermal stress (from ref
10).

test relates to the high-temperature embrittlement already
discuesed.

As a f@her analysis of the results, the reciprocal of com-
puted strain at fracture was plotted on logarithmic coordi-
nates against the number of cycles to fracture. The results
are shown in figure 19, horn which the following relation was
obtained:

n=4198 ~blsu (15)

where ~b is the measured strain in the thin edge at fracture.
This is an important result, but unfortunately it does not

present a criterion whereby materials can be evaluated
before this very type of test is performed. The strain
~b bears no particuhir relation to the ductility of the material
as measured in a conventional test, nor does it bear any
known relation to any conventional physical property that
can be determined without performing this very type of
thermal shock test. Hence, there is no direct way of using
thisrelation to predict in advance which is the better material.
If the higher value of % is taken as an indication of greater
plastio flow before thermal fracture, the superior performance
in thermal shock may be considered as due to the superior
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FIGURE19.—Relation of reciprocal of elongation of failure to thermal-
cracking rdstwme (from ref. 10).

ability to undergo plastic strain under the conditions of
thermal shock loading. Just what property of the material
it is that imparts this superior ability to undergo plastic
deformation is not known. According to reference 10, it
might be impact resistance. Since an ewily measured
parameter for correlation purposes was sought and since data
were available only on the room-temperature impact resist-
ance, these data were used for comparative purposes for a
rough correlation, which is shown in table IV. Of course,
the impact resistance that is of real importanc6 is the impact
resistance after the material has been subjected to the com-
plicated thermal and mechanical history associated with this
particular testing procedure, which has already been dis-
cussed. It is necessary to folIow up this lesd on the signifi-
cance of impact resistance to verify, the tentative conclusion
reached in reference 10. It is not, however, an Unremovable
conclusion since, m previously pointed out, the speed of
loading in the thermalshock test maybe an importwt factor,
and this speed of loading is at least simulatd” in an impact
test.

The most significant &ding of referents 10 was the indi-
cation of the radically di.tlerent behavior of six materials
having, in the main, very similar mechanical and thermal
properties. Thus, although it is not reasonable to conclude
that neither the conventionally mwsured mechanical proper-
ties nor the thermal properties are significant in determining
thermal shock resistance, it might be said that these proper-
ties combine with rLtlird and very important type of property
to produce an over-all thermal shock resistance. This
third type of property is probably the metallurgy of the test
matmial, as already discussed.

TURBINE DISKS

bother component of the gas-turbine engine which is
subject to thermal shock, or at least thernd stress, is the

disk which carries the rotating blades. The rim of the disk
is heated by contact with hot gas, ss welI as by’ conduction
from the rotating blades. The center, on the other hand, is
near bearings and cooling is generally employed in order to
protect these bearings. A high temperature gradient
therefore usually exists between the center of the disk and
the rim. This high temperature gradient produces vmy
large thermal stresses, .$everal investigations (refs. 11 and
12) were made to determine the signifhxmceof these thermal
Stm!ssw.

Temperatures.-lh order to determine the strm, typical
temperatures were first determined. A turbine disk of early
design was instrumented with thermocouples as shown in
@ure 20, and the engine was then operated in accordonco

o

0 0

0,

0

0

0

0

0

0 0

Fmmm 20.—Thermocouple location for study of disk tempmature
J distribution (from ref. 11).

.
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With n CJ’Ck? shown in
speed of 4000 rpm in

iigure 21. It was brought up to idle
1 minute, operated at idle speed for

4-rninute9,then%rought up in 15 s&onds to a speed-of 7500
rpm to sinndate taxiing on the runway followed by a 2-Ininute
idling St 4000 rpm to simulate operation while awaiting
clearance for take-off. Finally, the engine w accelerated
as rapidly as possible to rated speed of 11,500 rpm to
simulate take-off conditions, and this engine speed was
maintained for 15 minute-s.

The measured temperature distributions are shown in
figure 22, Along the abscissa is the disk radius in inches and
along tho ordinate, the temperature in ‘F. Each set of
curves represents the temperature condition at some time
after the start of engine operation. Three curves are shown
in each set. The lower curve in each case is the temperature
distribution along the face of the disk subjected to air drawn
in by cooling vanes. The main purpose of this air flow is to
maintain cool bearings. The upper curves show the radial
temperature distribution on the uncooled face of the disk;
the middle curves show the radial temperature distribution
in a plane through the center of the disk normal to the axis of

100

y
Take-off ad cfimb

p 75

1 Taxi

I

50

\Idle Idle
.~ 25
F
w

o 4 8 12 16 m 24 $8
Time, min

FIGURE 21.—Take-off sequence for turbojet engine (from ref. 11).

rotation. At the end of 10 minutes, during which time the
engine was idling, the temperature at the hub of the disk was
90° 1?on the cooled side, 200° F in the center plane, and 400°
F on tho uncooled side. As the engine was brought up to full
speed, the temperatures rose rapidly, as shown on these
curves. The maximum temperature difference between the
two faces of the disk reached 580° F at the end of 16 minutes.

Stresses.-Stress crdctiations were made with all three
temperrituredistributions; for the present, those calculations
will be discussed which were made with the temperature dis-
tribution on the cooled face of the disk because it represents
the most severe rose. In figure 23 is shown a centrifugal
stress distribution in the disk at rated speed. These are the
radial and tangential stresses due only to rotation. At the
center of the disk, the stress is approximately 31,000 pounds
pm square inch. In figure 24 are shown the radial and tan-
gential stresses with both the cenhifugal and the thermal
effect tbken into account. Each curve shows the stress dis-
tribution at a different time after the start of the test; and for
clarity separate plots have been made of radial and tan-
gential stres9es. It is seen that at the center of the disk the

Oisk mdius, percant

I?mum 22.—Temperature distribution in turbine disk (from ref. 11).

stresses have been roughly doubled by inclusion of the
thermal effect. They are now approximately 70,000 pounds
per square inch. At the rim the stressw are very highly com-
prwsive. After 16 minutes, the elastic compressive stress at
the rim is 120,000 pounds per square inch, which is much
higher than the yield stress. Hence, plastic flow must occur
in compression at the rim, calculations for which are shown in
figure 25. After 16 minutes, owing to plastic flow, the stress
is reduced to the neighborhood of 80,000 pounds per square
inch compressive at the rim but at the center it is still of the
order of 60,000 pounds per square inch tensile strss.s.

I — Rodiol
——— Tangential I

1 , I

o 25 50

‘\

k
\\\
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\\\,

FIGURE23.-Centrifugal stresses at rated speed (from ref. 11).
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While the plastic flow has reduced the operating stress, it
has introduced a new problem-residual stress when the
engine is stopped. The free length of the rim has been eihc-
tively shortened by the plastic flow, and upon return to
room-temperature conditions, the tendency of the remainder
of the disk to force the rim to its initial length induces tensile
stress. The computed residual stresses,again based on defor-
mation theory of plasticity, are shown in @me 26. In these
calculations the rim is assumed to be continuous; or, in effect,
a wheel with welded blades is considered. The dotted curve
shows the residual stress based on the computation of the
temperature distribution in the center plane of the disk, and
the dashed curve shows the residual stressdistribution based
on the temperature distribution in the cooled side of the disk.
In either case, very high tensile stresses remain in the rim
after engine stoppage. These high residual stresses coupled
with the possibility of stress concentrations associated with
blade fastmings may exceed the elastic limit of the material
and muse further plastic flow in tension. Upon subsequent
engine operation, plastic flow is in compression, and ‘so on.
Every time an engine is operated, alternate compressive and
tensile plastic flow may take place. This plastic flow, to-
gether with metallurgical changes occuning as a result of
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engine operating temperatures, may ultimately result in rim
failure.

Effeots on rims with inserted blades,—The effect of the
thermal stress depends primarily on th8 design of tho whool,
Two types of designs have been used in this country, the most
popular of which has the fir-tree-type blade fastening. Figuro
27 shows a close-up of such a blade attachment, a-swell as
cracks that occurred at the base of the attachment as a re-
sult of alternate tensile and compressive plastic flow. Such
cracks are not common in wheels with &-tree attachment;
in fact, there has been no evidence of such failures in fir-tree
wheels until very recently. These particular cracks occurred
in connection with a program that required cycling between
idling and full power three times per hour. The wheel had
withstood nearly 1000 hour-a or 3000 cycles befdre thaw
cracks occurred. Note that these cracks occurred on the
&oled side where the temperature gradient and streaseawere
at a mtium. When detected, the cracks ‘had not yet
progressed through the thiclmess of the wheel to theuncctoled
side. Even in wheels with fir-tree w%rwhments,thermal
stres cracks can occur.

Other effects of thermal stress in fir-tree wheels relate to
blade loosening and tightening. When the blade is made of a
material having approximately the same, or a higher, co-
efficient of thermal expansion as the wheel, and when tlm
initial fit between blade and wheel is moderately’ tight, the
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Fmwrca2t3-Residual strwes after operation (from ref. 11).

blades are generally found to be loose in their mounts after
they lmve once been run. This loosening is due to the fact
tlmt compressive plastic flow in the rim has effectively
shortened the length of serrated segments of both blade and
wheel. Upon return to room-temperature conditions, the
~enclcncyis for the blades to pull away from the wheel lands.
In tlm caso of the welded blades, this is not possible because
tho blades are an integral part of the wheel and therefore
tensile stresses result. In wheels with the fir-tree type of
blade, however, it is possible for the blades to pull away from
the wheel. Hence, in doing so they become very loose under
stntionmry conditions. They might tighten up, however,
upon rdmrning to operating conditions.

In other instances fir-tree blades have become even tighter
in their mounts than when initially inserted. This fact was
at first considered strange in the light of the prior experience
of Ioosoning already discussed. Upon investib@ion it was
found, however, that tightening occurred only when the co-
efficient of aspmsion of the blade material was much lower
than the coefficient of espansion of the wheel material.
Thus, when the wheel is at operating temperature the blade
bmes, which do not expand so much as the wheel lands, essen-
tially shrink away from these wheel lands. The compressive

stressesclueto thermal temperature gradient in the disk have
to be absorbed, therefore, in the whed region below the blade
fastening rather than in the blade fastening area, as when the
blades had approximately the same coefficient of espansion as
the wheel. Upon return to static conditions the plastic flow
causes the region imniediately below the rim region to become
smaller then its initial size; the disk lands are thus pulled
somewhat in toward the center of the disk. The blades are
therefore tightened.

Effeot on rims with welded blades,—In the case of wheels
with welded blades, not only is the full residual stress de-
veloped beeause the blades cannot pull away from the rim,
but there usually are present stress concentrations produced
by &continuities between adjacent blades. Thermal crack-
ing has thus been a severe problem with such wheels. The
small rim cracks in figure 28 resulted from engine operation
with a typical early welded wheel. To prove that these
cracks w&e the result of thermal stress and not the effect of
rotation, the wheel was alternately induction-heated and
cooled to simulate engine temperature gradients without
rotation. Some of the cracks progressed appreciably, as
shown in the figure. Several potential remedies for rim
cracking of disks with welded blades will be discussed in a
later section. At the present time, the tendency has been to
abrmdon the welded blqde construction in favor of the fir-
tree-type of attachment. This trend is partly due to prob-
lems of blade replacement in the field, but primarily it is
bemuse of the problem of thermal cracking.

Effect on bursting.-Thus far the effect of thermal stress
has been considered only in the rim region of the disk. The
question arises as to its importance at the center of the disk.
In the disk prm-iously described, the stresses at the center
were roughly doubled by the presence of the temperature
graclient. It is conceivable that these thermal stressesmay

—

FmuaE 27.—Thermal cracks in turbine wheel with fir-trea blade
attachments.
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cause the disk to burst soonex m n result of overspeed. In
order to determine whether or not these thermal stresses
could affect the burst speed, an investigation was undertaken
on simple parallel-sided disks which were tested to destruc-
tion in a spin pit (ref. 12). With the deformation theory of
plasticity m a basis, the speed at which the disk with temper-
ature gradient would burst was computed and compared with
the speed at which the disk without temperature gradient
burst. It was found that very little effect shouId be expected.
Although the thermal stresses and the centrifugal stresses
were additive at the center of the disk at low rotative speeds
before plastic deformation, the thermal effect gradually
vanished as the speed was increased, provided the material
had appreciable ductility (say, over 3 percent). Near the
burst speed, the stress distribution in the disk with temper-
ature gradient was effectively the.same as the stressdistribu-

Fmurw 2S.— Cracks in welded turbine wheel after 15 induction heatfng

e cycles (from mf. 11).

tion without temperature gradient. Some of the results of
the computations are shown in figure 29. Only the tangential
stress distribution is plotted becnuse it best reflects the
thermal effect. The dashed curve shows the stress distribu-
tion for the centrifugal stress only; the solid curve shows the
total stresses includ.hg the thermal effect. It should be
noted that at the low speeds there is appreciable diilerence
between the two stress distributions; but as the burst speed

. is approached the two stress distributions become practically
identical. When the plastic strain due to centrifugal stress
is large, it overshadows the thermal strain, and there is little
effect on stressdistribution.

Fig&e 30 shows a cmnparison between experimental
results and theoretical computations of the effect of temper-
ature gradient on burst speed. Neither the theoretical nor
the experimental results indicate a very significant effect of
temperature gradient; what influenca is present is due
primarily to the effect of temperature on material properties,
rather than to thermal stress.

This investigation emphasizes the importance of cycling in
the thermal stressproblem compared with the single npplioa-
tion of thermal stressin a material of moderate ductility.
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LOCOMOTIVE WHEEU3

The problem of thermal cracking of locomotive wheeb is
nearly identical with thot of the turbine wheel. During
brdcing action these wheels must absorb so mu&h energy
that the rims rapidly become heated to tcmperaturw in the
vicinity of 1000° 1? before the temperature at the center of
the wheel is appreciably raised. Thus, compressive thermal
stresses me induced at the rim, with attendant plaatic flow,
and residual tensilestressoccurs upon return to uniform tem-
pomture. After rLsuflicieut number of cycles, rim cracking
occurs which rapidly spreads, finally causing total wheel
fracture. Figure 31 (ref. 13) shows typical wheel fractures
produced in service. To prove that these fractures were
associated primarily with thermal cracking, laboratory
tests were conducted simulating the thermal gradients,
and wheel fractures such as those shown in the lomr half
of figure31 were obtained.

Reference 13 prwents considerable discussion of the
thermal stress problem, and further reference will be ma’de
to this work in the remaining section of this report.

SOME PRACTICAL ASPECTS OF THERMAL SHOCK
RESISTANCE

Throughout the report the emphasis has been on the
complex nature of the thermal shock phenomenon, especially
as related to ductile materials. It is desirable now to sum-
marize some of the aspects of this problem that have, from a
practical standpoint, been found to be important. Illus-
trative examples will be drawn from the literature. The
variables discussed are, in the main, the components ‘of the
simpli6ed thermal shock formulas, equations (7) and (8).

EFFECT OF STEE9S CONCENTRATION

In brittle materials the stress at a poi& of stress con-
centration is usualIy the governing stress leaning toward
failure. Hence, stress concentrations are certainly of the
greatest importrmcain the thermal shock of brittle materials.
In ductile materials, stress concentrations are not of the
utmost importance for a single application of loading, but
become as important as in brittle materiaIs as the load is
applied cyclically. As previously discussed, thermal failure
in ductile materials generally occurs only after several appli-
cations of the shock loading. Hence, stress concentration
is of great importance even in ductile materials. This is
especially true if the metallurgy of the material is severely
affected by localized plastic flow. Several illustrations of
the importance of stress concentration will be presented
from experimental evidence in the literature.

Turbine disks,-lil some casea the geometry of a part is
such as to make stress concentration inherent. Frequently
it is possible, however, to provide a measure of relief, for
example, by drilhg of a stress-relieving hole at the base of
the notch. The case of the turbine disk with -iwildedbladea
has already been cited as one involving inherent stress
concentrations. A laboratory investigation (ref. 14) was

conducted to follow up the rim cracking problem in disks
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failures ahwys occurred first at the base of the sharpest
notch. These @ts were followed by attempts to improve
the resistance of the disks to thermal crmking by drdling
small holes beneath the base of the notch. In general, it
was found that these holes had a beneficial effect in at least
retarding the initiation and propagation of the cracks.

Combustion-chamber Iiners.—bother investigation that
pointed out the imporixmce of stressconcentration-in thermal

&in
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FIGURE32.—N’otched-rim disk used in thermal stress investigation
(from ref. 14).

fatigue was described in referenca 15, which concerns. the
determination of the mechanisms of failure of turbojet com-
bustion liners. Such liners, shown in figure 33, serve the
purpose of properly distributing the air into the combustion
chamber. The circular holw feed the air into the combus-
tion chamber, and the louvers shown in the center of each of
the two combustion liners cool the liner in the areas between
the holes. These louvers are fabrimted by first punching
the liner and then bending the flap out of the plane of the
liner. The geometry of the louver can better be seen in fig-
ure 34, which is a photograph of the louver as well as of the
stre.ss.-rel.ievingholes at the base of the louver. Also shown
arevarious types of cracks that occur in operation. Although
the circular holes are intended for relieving the stress at the
eilective notch present at the base of each louver, it was
found that the fabrication of these holes by punching intro-
duced highly worked metal and irregularitiesin the periph-
ery of the hole that acted as further sties concentrations.

Intake

u
Exhaust

[

Type A liner Type B liner

FIGIJEE33.—Combustion-chamber liner construction (from ref. 15).

By reaming, sanding, and vapor blasting the punched oclges,
the resistance to thermal cracking was vastly improvod.
Table V shows the experimental results where a compru-ison
is presented of the number of cracks measured in seven liners
in the as-fabricated condition and seven liners in the im-
proved condition. A large reduction occurs in tho number
of cracks at the two inspection periods conducted after 8
hours and 20 minutes and after 16 hours and 40 minutes of
engine operation.

Stiess concentrations resulting from operation.-In somo
cases the stress concentrations are not built in, but aro pro-
duced as a result of operating conditions. For examblo,
surface attack can produce discontinuities that act as stress
concentrations. In an investigation on the thermal shock
resistance of nozzle blades, Bentele and Lowthkn (ref. 9)
found that if the test blades were polished and etched after
every 250 cycles in a mild chemical solution, the crack resist-”
ante was vastly improved. They attributed this improve-
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mont largely to the removal of surface irregularities by the
mild chemical change without, however, an appreciable
attack by the chemical on the grain boundaries. Prior tests
in which aqua regin had been used to remove surface scale
for inspection purposes had definitely reduced thermal shock
resistance of the material and led to early intercrydalline
cracking. These results point to the importance of surface
attack, nnd in a later section the possibility of avoiding such
attack by the use of surface coatings will be discussed.

EFFECTOFCONSTRAINTS

Thermal stressesresult from constraints that prevent free -
expansion of the various sections of the part under consider-
ation. While in many eases the constraint is inherent in the
physical continuity of the part, it frequently is possible to
incorporate some measure of relief by proper desiem. Fol-
lowing me several illustrative cases.

Turbine wheels,—In the turbine wheel, for example, the
uso of the fh=tree-type attachment enables the designer to
provide a loose fit between the blade and disk. The clearance
can then be used for at least”partial expansion in tho rim
region where the temperature is the highwt. Even in tur--
bine disks with, welded attnehmentsj it is possible to improve
the thermal stress resistance by providing a slot (fig. 35)
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FIGURE36.—IVelded blade attachment with keyhole slots (from ref.
11).

between the blades. The hot rim may then expand and
partially close the slot. The use of stress-relieving holes at
the base of the slot probably is good practice.

Turbine nozzles.-In turbine nozzle vanes, constraint is
sometime9minimized by means of the arrangement shown in
the right side of figure 36. The left side shows an early form
of design in which the nozzle vanes are welded at both ends
onto thick rings. The outer rihg is at 10WWtemperature
and therefore does not expand so much as the blades. Free
expansion of the blade is thereby prevented, which condition
induces high comprwsive plastic flow followed by residual
tensile stress; successive repetition produces thermal fatigue
failure. If the nozzle vane is floated in cut-out sections of
ring, the blades ca’n c.spandfreely and the ring serves only to
position the blade.

Fixed Ffoating

FJcmm 36.—Nozde diaphragm.
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FIWJRB37.—Calculated temperature distribution in blade after 4
seconds coding (from ref. 9).

It should be emphasized, of course, that this free-floating
design does not completely remove stress in therrmd shock
because the blade s@l does not cool uniformly when subjected
to a blast of cold air. Figure 37 shows the computed temper-
ature distribution in a nozde vane invcdgation by Bentele
and Lowthian (ref. 9). This temperature distribution was
computed for a time 4 seconds after the application of an air

. blast onto the blade initially at 850° C. TIM surface is, of
course, at a much lower temperature than the interior of the
blade. By idealizing the geometry of the nozzle vane and
computing the stresses by h approximate method, Bentele
and hvthian found an elastic stress of over 100,000 pounds
pm square inch tension near the leading edge. This stress
was well above the elastic limit of the material and obviously
plastic flow must have occurred. The location of ultimate
failure in thermal cycling agreed with the predictions based
on elastic stress analysis.

The use of hollow nozzIe vanes probably improves thermal
shock resistance by reducing thermal inertia and by evening
out temperature distribution. &k cooling through the
holIow vanes, of course, further improves the thermal shock
resistance, but even without cooling the hollow blades
should give better performance in addition to reduced weight
and strategic material content considered so important at the
present time.

. SUEEFFEC1’

Large size is really nothing more than the addition of
constraint, since in a body of large size the portion undergoing
rapid temperature change is germrallyprevented from expan-
sion or contraction by a massive section which does not
perceive the imposed temperature change for an”appreciable

period of time. A laboratmy investigation conducted to
study size effect on brittle materials will now be described,
and then several practioal cases involving size effect will be
discussed,

Laboratory investigation on brittle materials,-l?igum 38
shows some test results ‘to demonstrate size effect in brittle
materials. The tests were conducted on geometrically
similar specimens of steatite, cooled in such a manner that
they acted essentially aa tits hollow cytiders rapidly
cooled at their outer surface. The specimens were ilrst

. heated to a uniform temperature and then quenched at
their surface by air, and ‘in other tests, by ~vater. The
initkd temperature differenm between the specimen and tlm
coolant required to cause fracture in one cycle was measured.
An amdysis, similar to that show-nearlier for the flat plate,
can readily be made to indicate that this initial tempera-
ture d.ifbrence should vary linearly with the reciprocal of
diametm, which is well verified in figure 38. For a given
specimen diameter the water quench, which is more severe
and for which the value of.6 is greater than for the air
quench, required lower initial temperature differences to
produce failure. Both straight lines intersect the vertical
axis at a temperature value of approximately 260° F. The
intercept on the vertical axis represents the caae of infinite
size, or complete constraint, and the value of this intercept

IL
0

.

Lo

1800

1600 r y
+<

1400 / (

/ ‘ /

1200

c

1000 / d

/ ‘
/

800 / ‘

/ /

600 / d
/

*O

A ~

200

o’ J2 .3 4 5 .6 .7 .8 .9 IQ 1.1 1,2 1,3 M
IID

Jo 3 2 I

Outerdiometer

I?IQUEE38.—Size eJTectin thermal shook of stoatite.



BEHAVIOR OF MATERLAL9 UNDER CONDITIONS OF THERMAL STRESS 341

~

l?mmm 39.—Thermal-ehook resistant rooket nozzle.

should be ub/% for stentite. Based on the data given by
Buwsem (ref. 3), the value of 250° F is in good agreement
with the theoretical value for this material.

Figure 38 is presented chiefly to demonstrate the recip-
rocal nature of thermal shock resistance to size, and rilso to
point out tb.wtthere is a temperature di&rence below which
failure will not occur, even for iniinite size.

Built-up strm%ure.—In some cases it may be possible to
minimize size effect by building up a large structure from
small units, each of which is highly resistant to thermal
shock because of its size. Figure 39 shows a conceimble
arrangement for a rocket nozzle liner. The small blocks
might have to be lightly cemented together, or held together
by a wire mesh, for mechanical reasons; thermally they

FWJIW 40,—Cross sections of thiok, intermediate, and thin plate
wheels (from ref. 13).

would act independently and they would be greatly superior
in thermal shock.

Effect of massive oores,—Temperature changes are
usually imposed at the surface; it is prevention of espansion
or contraction by the inner core that induces thermal stress.
The use of hollow nozzIe’vanes in this connection has already
been referenced; other exarnplea can be found in the loco-
motive wheels and the turbine disks. Figure 40 shows
three locomotive wheels investigated by Schrader and .
coworkem in reference 13. All wheels have the same hub
and rim, but the thickness of the plate, which connects the
hub to the rim, has been varied. The reasoning here was
that as the rim is heatid by the braking action its free
expansion is prevented by the plate. Hence, a thinner
plate might offer lew constraint and thereby improve life.

The results of the tests of reference 13 are shown in figure
41. Three conditions of heat treatment are shown, and in
all cases the %- by %-inch wheel, the thinned of the three,
lasted by far the greatest number of test cycles.

likewise, figure 42 (ref. 11) shows the results of some ana-
lytical studies on turbine disk profiles. The solid protile is
the disk previously described, and the solid lines represent
the radial and tangential stresses in this disk based on the
meaaured temperature distribution in the central plane.
The dotted profilesrepresentredesigns that r&luca the weight
as well as the stress.

Effect of localized strain absorptiono-In some cases
geometrical ccdlguration dictates that the total thermal
elongation of a large portion of a body be equaled by the
elongation of a small section. The unit elongation or strain
in the smaller section is thus greater than the strain in the
larger section. Figure 43 schematically indicate9 a simple
case of this type. Sections B and C are assumed to be of
equal temperature, but lower than that of sections A by a
value of T~. If the entire body is unstressed when at uni-
form temperature, the thermal elongation aATAIA,where
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ad is the coefficient of expansion and I?Ais the length of
section A, must be matched by an elongation due to stress
in sections B and C. If the cross section of B is massive
compared with that of C, all the stiin is induced in section
C. Thus, if e. is the strain in C,

•~c= aAT’lA . (16)
or

1.d●C=—.
1. aATA (16a)

In the elastic range the stress induced in C x a remdt of this
strain is

~_Eccc=~ ~ ~ATA—
lc ‘

. (17)

where Ec is the elastic modulus of section C.
The foregoing case illustrates the very importmt fact that

geometrical configuration may impose a stress and strain

multiplication factor. The product EaTO is sometimes
thought of as the maximum stress due to temperature
change TOthat can be imposed at a poiqt, since this product
represents the stress required to constrain completely the
thermal dilation. It is seen, however, from this example
that the maximum stress in the system may be many times
the stress for complete constraint, depending on the value
iA/zc. Thus, unusually high stresses are frequently imposed
on the weakest member of a system. If C were, for example,
a weld of small axial dimension compared with sectione A
and B, the ratio lA/1.would be very large, and failure of t.ho
weld would occur at low temperature dMerences in tho
system. This failure would be due not to poor strength of
the weld metal, but rather to poor design, which requires
kwge elongations to be matched by high localized strains.
In the case of welded structures, the high stressesand strains
may also.remlt if the body is at uniform temperature if tho
various components have difTerent coefficients of therrnol
expankion. This illustration thus emphasizes one of tlm
many reasons welds are so sensitive to thermal cycling.

EFFECT OF INITIAL SURFACE STRESS

in some cases it is possible to introduce initial stressesthat
counteract the effect of thermal stress and thereby improvo
thermal shock resistmce. The use of shot blasting, for
example, in order to introduce compressive surface stresses
has been amply demonstrated in the case of mechanical
fatigue at room temperature. The same idea can be applied
to parts operating at high temperature provided the tempera-
ture is not so high as to anneal the induced stresses. In
some cases the surface stresses should be tensile, in othors,
compressive; and illustrations of each will now be presented.

Itesidual tension.-In the cnae of turbine wheels, the
operating stresses are compressive; hence, it is desirablo to
introduce a residual tensile stress to offset the oporoting
stress. This an be achieved when the wheel is constructed
in two parts, such as shown in figure 44. The central region,
where the temperature is low, is usually made of ferritic
material that can easily be forged and has good low-tempcm-
ture strength. The rim region is’generally made of rmstenitio

FIGURE43.—Cros9 seotion of body in which large strem and strain
are induced in small member as a result of temperature ohange irI
large member.
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material which has good high-temperature strength, necea-
smy for resisting the high temperature in this area. The
two parts are joined by providing space for weld metal,
as shown in the figure. One practice that has been followed
is to heat the rim region to a higher temperature than the
central region before insertion of the weld metal. When
the rim cools, it therefore effectively shrinks onto the cxmter
region and sets up a system of residual stresses, tensile at
the rim and compressive at the center. In subsequent
operation the inducd thermal compressive stress at the
rim is counteracted by the initial tensile stress. In the lower
portion of the figure is shown the stress distribution that
would occur in this case if the temperature differential of
400° F were maintained between the rim and the center
region during the welding procedure. This stressdistribution
is calculated for the disk previously discussed for which,
without this shrinking practice, the compressive strw at
the center would be about 60,000 pounds per square inch
and at the rim, over 100,000 pounds per square inch. The
only region that suflemfrom high stnmsis the region immedi-
ntely adjwmt to the weld. A small amount of plastic
flow may take place in this region,, but the temperatures in
this location are lower than at the rim, and there are no
geometrical stress concentrations.
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Residual compression.-In some cases the desirable initial
stressis that of compression. Westbrook and Wulfl (ref. 16)
have, for example, made a very extensive investigation on
the possibility of inducing suitable initial stmsseain hollow
circular cylinders. Their project was conducted in ccm-
nection with the guided missile program and the interest
was primarily in rocket nozzles. They therefore considered
hollow cylinders that were suddenly heated in the center
by a Globar rod to simulate the sudden application of com-
bustion in the rocket nozzle. An early finding was that
failure resulted first at the outer surface of the cylinder
where the induced strmws were tensile. The inner surface,
which heated more rapidly than the outer surface, was pre-
vented from expanding and was thereby placed in compres-
sion, while the outer surface was forced to expand more than
it would have in accordance with its temperatures and
therefore was placed in tension. Although the compressive
stresses in the inner surface were higher than the tensile

FIcmrm 45.—Photograph of metal-sprayed ceramiu test cylinder
rnaohined and ready for thermal shock test (from ref. 16).

stresses on the outer surface, the materials investigated
were more sensitive to tensile stress than to compressive
stress, and failure occurred on the outer surface. Also in-
vestigated in reference 16 was the possibili~ of inducing
residual compressive stress at the surface by shrinking metal
onto the cylinder (see &g. 45). It was realized at the outset
that mefely shrinking a metal cylinder onto the ceramic
core by heating the cylinder and then allowing it to cool
over the core would not be satisfactory. Such an applica-
tion would introduce compressive stress only in the tangen-
tial direction, not in the axial direction. Since in a long
cylinder the induced stress in the axial direction is equal to
that in the tangential direction, failure would then occur in
the axial direction. It was therefore concluded that a metal-
spraying technique would be most desirable. Figure 46,
taken from reference 16, shows a method of spraying. The
metal to be sprayed on the cylinder is fed through the center
of a spray gun, and together with this metal are fed com-
pressed air and oxyhydrogen gas. Combustion of the air
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FImrm 47.—YWrInEd shocfc tests in alumina oylinders (from ref. 16).

and fuel causes the metal to melt, and the high pressure of
the fuel causes the molten metal to spray onto the cylinder.
When the particles of molten metal strike the cold cylinder,

they contract in all directions and thereby induce strcssm
not only in the circumferential direction but also in tho axial
direction. In this way beneficial residual stresses are in-
duced in the ceramic cylinder. Figure 47 demonstrates tho
results of their tests. The alumina cylinder metd.lizecl
with %inch nickel did not fail, -while in the sanm test the
unmetallized cylinder broke inta many pieces.

Shown in iigu.re48, taken also from reference 16, are more
complete results on the effect of metallizing on thermal
shock resistance of alumina cylinders. The thermrd shock
resistance is plotted as a function of the ratio of metxd to
ceramic thickness. With molybdenum as a spray coating,
all thicknesses of metal improved the thermal shock re-
sistance, although with thiclmess ratios greater than one-
half, the additional improvement was relatively small. For
copper and stainless steel coatings of small thickness the
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FIGURE4S.-EHeot of metal/ceramio thicknees ratio on thermal shook
rt%st.ante of metal-sprayed oylindem (from ref. 16).

coating reduced the. thermal shock resistance, but for very
large thicknesses the thermal shock resistance waa improved.
The interaction of the coating and the ceramic under thermal
shock conditions is concluded in the report to bo in relatively
complw relation. From the practical standpoint, it is dem-
onstrated that improvement in thermal shock resistance
can be obtained by metallizing. The possibility of inducing
beneficial surface stressesby wire winding and by quenching
is also discussed in reference 16, but no data are presented to
substantiate the theory.

—It is, of course, important to emphasize“Stiess relaxation.
that the beneficial effects of prestiesaing can persist only if
the operating temperatures are not so high as to cause relax-
ation. No data are available on the subject of stress relax-
ation as applied particularly to the subject of thermal shock.
However, important conclusions can be drawn from an in-
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vestigation conducted in connection with high-temperature
fatigue. A program was conducted to determine the effect of
surface finish and surface working on the fatigue properties of
low-carbon N–166 alloy (ref. 17). Some of the results are
shown in figure 49. In the upper part of the figure are shown
curves of the stressversus the number of cycles to failure at
room temperature for the materkd in three conditions of sur-
face treatment. The specimen with roughened surface had a
greater strength than the polished and the ground specimens.
While this is contrary to normal ii.ndingin fatigue tests, the
improvement due to roughening was attributed to cold work
induced in the surface by the roughening procedure. So
much cold work was induced that the concurrent detrimental
effect of irregularities in the surface was overcome, and the
not effect was beneficial. Similar specimens were subse-
quently tested at higher temperatures and the beneficial
effect of roughening was found to be reduced. At 1350° F
specimens with all surface conditions had wsentially the
same strength m shown in the lower part of the figure.
ThuE, at 1360° 1? all the beneficial effects of working were
annealed in this particular material. For further veri&a-
tion of this conclusion, specimens were held in the three
surface conditions at 1400° F for 4 hours and were then tested
at room temperature. Instead of three curves, as indicated
in the upper part of figure 48, for each condition of surface
treatment, only one curve was obtained; thus, it was shown
that holding the material at the high temperature had re-
moved the beneficial residual stress. From a thermal shock
or thermal stress standpoint, these results he signiihnt
because they emphasize the importance of operating tem-
perature on the effectiveness of any prestresing operation

EFFE~OFSURFACECOA’1’lNGt3

In addition to providing a means for inducing suitable sur-
face stresses, surface coatings have at least two other bene-
ficial effects in relation to thermaI shock-protection from
deleterious atmosphere and thermal insulation.

Atmosphere protection.-As previously discussed, oper-
ation at high temperatures has very detiental eilects on
the metallurgy of the material. While some of thwe eilects
me inherently associated with the high temperature and
crmnot be avoided, others relate to the high temperature in
conjunction with a detrimental atmosphere. For example,
m the surface of a specimen oxidizes, the thermal shock
cycles do not test the original material but the resultant
surface oxide. The oxide is usurdlyweak and brittle and the
materialbecomes poor in thermal shock resistance. Further-
more, intergranulax penetration produces effective notches
at the surface. The applimtion of a ceramic coating may
retard the oxidation effect and enable the material to retain
its inherent shock resistance. The National Bureau of
Standards has conducted extensive research directed at iind-
ing suitable protective coatihgs for materials that require
surface protection. For example, some of this work has
been toward finding a ceramic coating for the titanium carbide
plus cobalt cermetunder consideration for turbine application.
These cermets have good thermal shock resistance and good

Cycles

(a) Temperature, SOOF,
(b) Temperature, 1350° F. .

FIGURE 4fL—Effect of surface treatment on fatigue properties of
lowcarbon An-155 (from ref. 17).

stxengtb, but in service are attacked by oxidizing atmos-
pheres. A coating was developed that retards the surface
attack; and it was found that thermal shock resistance of
coated specimens was much superior to that -of uncoated
specimens. A summary of some of the National Bureau of
Standards’ results is shown@ table VI, which is taken bm
reference 18. The thermal shock in this case consisted in
heating a cylindrical specimen for 5 minutes at a given tem-
perature, withdra~ it from the furnace, and submerging
one end to a depth of 1 inch in water at room temperature.
If no failure occurred, the temperature was increased 100°
and the cycle repeated. The temperature at which tie fit
failure occurred is shown in the two columns at the right
for each of the prior heat treatments. A comparison with
those protected by the ceramic coating shows that heating
the specimens without a coating at 1650°, 1800°, 2000°, and
22000 F for the various numbers of hours indicated had a
detrimental effect on the thermal shock resistmce, aa indi-
cated by the lower temperatures required to cause initial
failure shown in column 3.

Thermal insulation.-Another beneficial effect of a surface
coating is the action as an insulator which effects a reduction
in heat-transfer coefficient to the test surface. AS shown by
equations (7) and (8), thermal shodc resistance is directly
proportional to the heat-transfer coefficient, mcept for tho
most drastic of quench conditions represented by very high
values of B. .In the solution of transient temperature prob-
lems, the heat-transfer coeiiicient is sometimes modified by
substituting an equivalent W-u of conductive material at the
surface of the test body. Thus, high
cients are represented by taking very

heat-transfer coef6-
thin b, and low
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FIGURE50.—Thennal shock crack in 11.8 weight percent (7.8 volume
percent) iron plus titanium carbide cerrnet.

heat-transfer coefficients, by taking thick films. The pres-
ence of a ceramic coating increases the equivalent surface
film thickn- and makes any imposed thermal sho~ less
severe than it would be without the fi. Even if the ceramic
coating czacks, it may still act as a heat-retmding medium
ond reduce the severity of the shock at the test surface. No
analysis has been made of this insulation effect, but it is
believed to be an import-t function of a surface coating,
especially when the imposed thermal shock is of short
duration.

EFFECYOFDU~TY

Ductility is one of the most important characteristicswhich
affect the thermal shock resistance of a material. If the
environmental temperature and atmosphere are not such as
to destroy ductility by embrittlement, the ductile material
will withstand considerably more severe thermal shocks
than brittle materials of comparable tensile strength and
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FIGURE51.—Operating temperature (from ref. 20).

500

400

303

other mechanical and thermal properties. One of tho con-
cepts that led to the development of the metal-ceramic com-
binations known as cermets was the thought that the metal
would impart ductility to the combination, and therobyimpart
gcod thermal shock resistance. In practice this hope hca
not been fully substantiated. Despite appreciable metal
content, many cermets show no measurable ductility at room
temperature and only very minor ductility at high tempera-
ture. But even this small ductility greatly improves the
thermal shock resistance. Some evidence of ductility in tho
thermal shock test of a cermet is shown in figure 50. This
figure was obtained in connection with the work of reference
19, although it was not published therein, Tho photo-
micrograph shows the cracks induced in a cermet of titanium
carbide and iron. The large dark are~ are the cracks, and
in between these macks are areas of continuous metal phaso
that are apparently elongated; that is, the width of the metal
band is much greater in this area than in other areas of tho
photograph. The evidence of ductility given here is only
slight, and perhaps inconclusive, but it is believed that cor-
met.sdo show some ductility in thermal shock teats at high
temperature.

EFFECYOFCONDUCTIVITY

The significance of conductivity on thermal shock resist-
ance of brittle materials has already been discussed in tho
iirst part of this report. Although, under Very unusurd
circumstances, high conductivity may be undeaimble, tlm
usual case is that good conductivity improves thermal shock
resistance. Not only does good conductivity generally
reduce stmsstk during the thermal shock process, but it
frequently reduces working temperature and hence brings
many metals into an operating temperature range where
their strength is greater. Haythorne (ref. 20) rates con-
ductivity as one of @e most important properties in high-
tkmperature applications of sheet metal. In these teats,
tubes 2 inches iq diameter and 5 inches in length were
subjected to a gas flame impingement 1% inches from ono
end. It was demonstrated first that operating temperatures
bear an inverse relation to conductivi~. Some of the
results of reference 20 are shown in figure 51. Here the
temperature distribution along the length of the tube is
plotted for several different materials. The high-temper-
ature materials, which have poor ccnductivities, are seen to
operate with a peak temperature in the neighborhood of
2000° F and a minimum temperature of 550° I’ at the far
end of the tube. A good conductor, such as copper, shows a
mtium temperature of 1530° F and no other tempemtum
below 1100° F. Copper does not, of course, have tho
strength or corrosion resistanm tc withstand operating con-
ditions. The desirable chamcteriatica of both the high-
temperaturd materials and the good conductors are combined
in a clad material. Figure 52.shows the test results. The
number of test cycles which the Jnconel-clad copper shed
withstood compared with the other materials is very striking.

.
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Cermets, too, owe part of their superior thermal shock
resistance to high conductivity. Although in the case of
titanium carbide cermets the conductivity is not much
better than that of the titanium carbide itself, many cerrneta
involve the use of ceramba of poor conductivity and the
metal additions help greatly to improve the conductivity and
thermal shock resistance.

EFFECTOFCO=CZENTOFEXPANSION

In brittle mrtteriak thermal shock resistance is inversely
proportional to coefficient of expansion in all rangw of the
nondimensional heat-transfer index S. Hence, any reduc-
tion that cm be made in expansion coefEcient will effect a
proportional increnae in thermal shock resistance. Even in
ductile materials, the coefficient of expansion is of major
importance. Obviously, in the extreme, if the coefficient of
expansion is zero there will be no thermal stress. Mdmrials
of low coe.flicientof expansion involve low thermal strain and
stress, and therefore should, everything else being equal, be
superior in thermal shock resistance to matarials of high
coefficient of expansion.

For brittle materials, considerable use has been made of
the concept of reducing coeilicient of expansion to gain in
thermal shock resistance. I?yrex, a silica glass, owes its
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FIGmm 53.—Typk.al thermal expansion aurvea of various Stupalitb
compositions (from ref. 21).

outstanding thermal shock resistance to its very low coefli-
cient of expansion. Unfortunately, it is poor in creep resisk
ante and therefore does not lend itself especially well to
applications involving prolonged stress at high tempera&e.

Recently there has been developed a new seriesof ceramim
know-n as Stupalith. These ceramica are produced from
blends of Iitliiurn-beming materials and clay, or blends of
other ceramic raw materials to obtain the desired ratio of
lithia, alumina, and silica. By variations in composition,
the cmflkient of qmnaion can be controlled over a wide
range and can even be made negative. The main advantage
lies in the fact that it can be made closa to zero. Figure 53
(ref. 21) shows typical expansion curvOsfor various Stupa-
lith compositions. Material A haa a positive, but low
coefficient of expansion; the coefficient of expansion of
material B is very close to zero; while materials C to D have
negative coefficients of expansion, that is, they contract upon
heating. The zero-expansion material is said to have out-
standing thermal shock resistance. The manufacturers test
their materials by heating specimens to 20000 F and then
dropping them into liquid air at –3 10° F. It is claimed that
this procedure can be repeated 100 times without ill effect.
The geom@ry of the specimen is not disclosed, but it is pre-
sumed that the type of test is severe stres.swke. They sug-
gest the use of these materials for turbine blades, nozzle
@erts, and other jet and internal combu@ion engine parts.
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EFFECT OF ELASTIC MODULUS

In the case of brittle materials, thermal shock resistance is
inversaly proportional to els@c modulus. Hence, low
elastic modulus is an asset to good thermal shock resistmce.
Graphite, for example, owes its good thermal shock resist-
ance, at least in part, to its very low EJasticmodulus, approxi-
mately 0.7X 10epounds per square inch. While the major
attribute of pyrex glass is its low thermal coefficient of m-
pansion, it should be noted, that its outstanding over-all
characteristic is due also tQits relatively low elastic modulus,
approximately 8.5X 10Upounds par square inch.

Cermets, and wme of the other newer materials under
development, are characterized by extremely high elastic
modulus. For example, the elasticmodulus of an 80 percent
titanium carbide plus 20 percent cobalt cermet is 60X 10e
pounds per square inch, twice that of steel Were it not for
the outstanding conductivity, strength, and possibly duc-
tility, this large elastic modulus would be a great drawback
in its thermal shock resistance.

In ductile materials the elastic modulus is probably also
important, but not so much as in brittle materials. Bentele
and Lowthian (ref. 9), in summarizing the German nozzle
vane tests, stat&that the number of cycles to failgre was
inversely proportional to the one-third power of elasticmodu-
lus, although the relation was valid only in a limited range of
number of cycles to failure. In any case, thermal shock
resistance bears an inverse relation to elastic modulus, all
other factors being equal.

JO~G OF DESIllll&t METALS

The problem of thermal stressand thermal shock is one of
extreme importance in the field of welding. Here, dissimi@r
metals are joined together, these dissimilar metals being
either parts welded together or the weld metal. Di&entisl
thermal expansion between the d.itlerentmetals, cracks ini-
tiated d@ng the welding, fiction oxidation between the
welded parts, and metallurgical interaction between the
dissimilm materials all contribute to loss of thermal shock
resistance. This subject is very extensively discussed in a
recent survey by the Welding Research Council (ref. 22).

CONCLUDINGREMARES

The important points that have been indicated in confec-
tion with the behavior of materials under thermal stress
conditions may be summarized as follows:

1. It has been emphasized that the best measure of thermal
shock resistance in brittle materials is the determination of
a temperature difference that will cause failure in one cycle.
hTot only does this procedure render the problem tractable
to analysis without introducing the complications of thermal
fatigue, but the experimental results for the singl~ycle type
of test are usually reproducible and contain a minimum of
scatter. It is recognized, however, that the practical con-
sideration really involves the number of cycles of a given
nature that a specimen oan withstand without failure. Hen~e
tests of both the ‘singltiycle and multiple<ycle failure may
be necessary before a valid comparison can be made among
Inabmials.

2. Simple formulas have been presented for thermal shoclc
resistance by the single-cycle criterion. These formulas in-
volve both indices now recognized in the literature, kub/Ea
and u,/Z& Neither index can, therefore, by itself provide a
basis for rating matarials under all test conditions. Most
practical caseafall, however, in the range where kub/Ea!ig tho
primary index for rating brittle materials. It is only under
the most severe of shock oond.itions that the ub/E’a index
predominates; in general, therefore, this index usually memly
modifies the kuJIIk index. Hence, in most cases tlmrmol
shook can be improved by increases in conductivity, It
should also be emphasized that the formulas apply onJy to
the infinite flat plate, but similar formulas could probably
be derived by the smne method for other cases involving
one-dimensional heat transfer. Likewise, it should be om-
phssized that the formulas are applicable only when the dura-
tion of the shock is long enough to permit the maximum
str-” to be developed. There are practioal caseswhen shock
duration is low, and therefore other criteria may prevail. in
the ease of rocket nozzles, for example, it, might be advan-
tageous to use materials of low conductivity rather than tho
better conductors. Each case requires a separate analysis,

3. It is important to test the materials under conditions
not far diflerent from the intended test application; othcr-
wis~, relative merits of materials may interchange and ex-
pernnental results may give erroneous predictions.

4. It has been emphasized that for ductile materials tlm
singlwycle criterion is not practical beoause it is ram that
failure oan be achieved in one cycle. The use of the multiple-
cycle criterion further cornplioatesthe already complex prob-
lem which involves metallurgical processes occurring during
and in between thermal shock cyoles. Some of them proc-
asses have been discussed and their potential relation to
thermal shock resistxmceindicated. In view of the impor-
tance of metallurgical processes, and of the importance of
temperature iniluence on action of metallurgical processos,
the danger of conducting tests under artificial conditions
becomes strikingly evident. Increasing temperatures in
order to accelerate failure may introduce spurious metal-
lurgic@ effects, foreign to the behavior of the materials under
their true working conditions. Hence it is very importrmt
that the tests simulate the operating conditions irmspectivo
of whether this entails a larger number of tests beforo failure
occurs.

5. A number of important variablca have been outlined
which oan actually amist in producing designs of improved
thermal shock resistance. Among these, emphasis has been
placed on the reduction of stress concentrations and con-
straints and the introduction of favorable initird stress and
surface protection. Control may also be exercised over the
metallurgical variables, but first much resenrch toward
understanding them is necessmy.

LEWIS RIGHT PROPULSION LABORATORY
NATIONAL ADVISORYCOMMI~EE FOR J!LIJRONAUTIOS

CLEVELAND, OHIO, December 19, 1959



1.

2.

3.

4.

5.

6,

7.

8,

9.

10,

11.

BEHAVIOR OF MATERIALS UNDti CONDITIONS OF THERM&L STRESS 349

REFERENCES

Bradehaw, F. J.: Thermal Stresses in Non-Ductile High Tempera-
ture Materials. Tech. Note MET. 100, Britieh R. A. E., Feb.
1949.

Cheng, C. M.: Reaiitance ta Thermal Shook. Jour. Am. Rooket
Sot., vol. 21, no. 6, Nov. 1951, pp. 147–153.

Bucssem, Wilhelm: The Ring Teat and Ite Application to Thermal
Shook Problems. Metallurgy Group, Office Air h., Wrighti
Patterson Air Force B=e, Dayton (Ohio), June 1950.

Bobroweky, A. R.: The Applicability of Ceramica and Cerarnale as
Turbine Blade Materfak for the Newer Aircraft Power Planta.
Tram. A. S. M. E., VOL71, no. 6, Aug. 1949, pp. 621-629.

Bradehaw, F. J.: The Improvement of Ceramim for Use in Heat
Engines. Tech. Nob MET. 111, Britiih R. A. E., Oct. 1949.

Liu, S. I., Lynch, J. J., Ripling, E. J., and Sacha, G.: Lmv Cycle
Fatigue of the Aluminum Alloy 24ST in Direot Stress. Tech
Pub. No. 2338, Am. Inst. Mining and Metallurgical Eng., Feb.
1948.

Sachs, George, and Brown, W. F., Jr.: A Survey of Embrittlement
and Notoh Sensitivity of Heat F&ristiig Steels. A. S. T. M.
Speo. Teoh. Pub. No. 128, 1952.

Rueh, A. I., Freemen, J. W., and White, A. E.: Abnormal Grain
Growth in S-816 Alloy. NACA TN 2678, 1952.

Bentole, M., and Lowthian, C. S.: Thermal Shock Tes@ on Gas
Turbine Materiale. Aircraft Eng., vol. XXIV, no. 276, Feb.
1952, pp. 32-38.

Whitman, M. J., Hall, R. W., and Yaker, C.: Rdatmme of Six
Caet High-Temperature Alloys to Cracking Caused by Thermal
Shook. NACA TN 2037, 1950.

Maneon, S. S.: Stress Inveetigationa in Gas Turbine Discs and
Blad~. SAE Quarterly Trane., vol. 3, no. 2, Apr. 1949, pp.
229-239.

TABLE I.—CORRELATION OF MATERIAL PROPERTIES

12. Wilterdink, P. I., Holmz, A. G., and Manson, S. S.: A Theoretical
and Experimental Investigation of the Influence of Temperature
Gradients on the Deformati& and Burst Speeds of Rotating
Diekx. NACA TN 2803, 1952.

13. Wet.enkamp, Harry R., Sidebottom, Omar M., and Sohrader,
Herman J.: The Effect of Brake Shoe Aotion on Thermal
Craoking and on Failure of Wrought Steel Railway Car wheels.
Bull. 387, Eng. Exp. Station, Univ. of Illinois, vol. 47, no. 77,
June 1950.

14. Wilterdink, P. I.: Experimental Invmtigation of Rim Cracking in
Disks Subjeoted to High Temperature Gradients. NACA RM
E9F16, 1949.

15. Weeton, John W.: Mechanizrna of Failure of High Niokel-Alloy
Turbojet Combustion Linerz. NACA TN 1938, 1949.

16. Westbrook, J. H., and WUM, J.: The Thermal Shock Resistance of
Metallized Hollow Ceramio Cylinderz. Meteor Rep. No. 44,
M. I. T., 1949.

17. Ferguson, Robert R.: Effect of Surface Finish on Fatigue Properties
at Elevated Temperatuma. I—Lmv-Carbon N–155 with Groin
Size of A. S. T. M. 1. NACA RM E51D17, 1951.

18. Moore, Dwight G., Benner, Stanley G., and Harrison, William N.:
Studies of High-Temperatum Protection of a Titanium-Carbide
Ceramal by Chromium-Type Ceramic-Metal coatings. NACA
TN 2386, 1951.

19. Cooper, A. L., and C&eryahn, L. E.: Elevated Temperature
Propefilez of Titanium Carbide Baae Ceramalc Containing
Niokel or Iron. NACA RM E51I1O,1951.

20. Havthorne. P. A.: Sheet Metrda for Hi~h Temr)eratum Service.
&n Age, vol. 162, no- 13, Sept. 23, 19~8, pp. @95.

WITH RESISTANCE TO FRACTURE BY THERMAL SHOCK
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TABLE IL—RELATIVE REDUCTION OF THERMAL SHOCK
CYCLES WITH INCREASE IN TEMPERATURE

TABLE IV.—RELATION BETWEEN THERMAL SHOCK
RESISTANCE AND IMPACT STRENGTH
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TABLE V.—EFFECTS OF REAMING, SANDING, AND VAPOR
BLASTING OF PUNCHED EDGES ON CRACKING OF
COMBUSTION-CHAMBER LINERS

TABLE W.—EFFECT OF CERAMIC COATING ON THERMAL
SHOCK RESISTANCE OF CERMET
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